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ABSTRACT 
Soil freezing and thawing can have a significant impact on the winter hydrology of soil, 
and soil ice content is an important component of the winter hydrological cycle. However, 
transient soil ice contents have been difficult to quantify under field conditions. A sensible heat 
balance (SHB) method using a sequence of heat pulse probes (HPP) has the potential to measure 
in-situ soil ice content. Therefore, the objectives of this dissertation are to develop, to test, and to 
improve the SHB method for determining soil ice content. A series of numerical, field, and 
laboratory studies were conducted.  
 The SHB method for soil ice content determination contains two important assumptions; 
negligible convective soil heat fluxes, and non-concurrent water evaporation and water fusion. A 
numerical study shows that these assumptions are acceptable for soil layers deeper than 12 mm, 
and the SHB method in theory can accurately estimate soil ice contents. However, when applied 
to an actual winter field, the in-situ soil ice contents determined with the SHB method are 
inaccurate. The inaccurate soil ice contents are associated with errors in soil thermal conductivity 
measured with the HPP. A sensitivity analysis shows that at least 20% accuracy of soil thermal 
conductivity is required to accurately estimate soil ice contents with the SHB method. In 
addition, the use of short time steps in the SHB method (e.g., 15 min) can improve soil ice 
content estimation.  
A numerical study was performed to understand the sensitivity of HPP measurement 
needle temperature changes to properties of partially frozen soil. The measurement needle 
temperature changes were sensitive to soil thermal conductivity and freezing characteristics but 
not to volumetric heat capacity. The HPP may not be able to determine volumetric heat capacity 
accurately when soil temperature is between -2°C and 0°C. The sensitivity analysis suggests that 
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soil thermal conductivity and soil freezing characteristics are the best candidate parameters for 
determination by inverse analysis. The inverse analysis may improve the accuracy of soil thermal 
conductivity and soil ice content determination with the SHB method. 
A laboratory study was performed to further evaluate the SHB method for determining 
soil ice contents with soil column freezing and thawing. The SHB method accurately described 
the latent heat associated with soil freezing and thawing and provided reasonable transient soil 
ice content values at soil temperatures between -3°C and 0°C. The SHB method was not 
sensitive enough to determine soil ice content at temperatures below -3°C. Latent heat values are 
relatively large at temperatures between -3°C and 0°C but latent heat values are small at 
temperatures below -3°C. The soil ice contents during extended freezing periods at temperature 
below -3°C could be accurately estimated with change in volumetric heat capacity determined 
with the HPP. Thus, a combination of the SHB method and HPP volumetric heat capacity 
determination can be used to determine soil ice contents for a wide range of temperatures.  
The SHB method is a new approach that has some advantages compared to other methods 
for estimating transient soil freezing and thawing. This dissertation presents fundamental 
information on the SHB approach and provides guidance for further development of the SHB 
method. 
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CHAPTER 1. GENERAL INTRODUCTION 
Soil freezing and thawing can have a significant impact on the winter hydrology of the 
soil surface and vadose zone. When soil is frozen, ice in pores causes lower permeability of water. 
The permeability depends on saturation of the partially frozen soils (Andersland et al., 1996), and 
infiltration rate is significantly reduced when saturation of the partially frozen soil is high 
(McCauley et al., 2002; Watanabe et al., 2013). Low infiltration rate induces runoff of rainfall and 
snowmelt, and soil erosion occurs as a result (Zuzel et al., 1982; Cruse et al., 2001). Some portion 
of soil water remains in liquid form even when the soil temperature is less than 0 °C, because 
capillary forces in the soil pores induce freezing point depression of water (Williams, 1964; Low 
et al., 1968). The soils are, therefore, referred to as “partially frozen soils”. The amount of liquid 
water and the matric potential of partially frozen soils decrease as soil temperature decreases in a 
parallel manner with soil drying (Williams, 1964; Watanabe et al., 2012). Due to the low matric 
potential of partially frozen soils, liquid water flows from unfrozen soil layers towards the frozen 
soil layers and causes an increase of total water content in frozen soil layers (Dirksen and Miller, 
1966; Kung and Steenhuis, 1986). The liquid water flow also carries solute (Cary and Mayland, 
1972; Cary et al., 1979). Sometimes the liquid water flow from unfrozen soil layers causes 
accumulation of excess water at the freezing front and forms a thick layer of ice which is called an 
ice lens (Taber, 1930; Loch and Kay, 1978). Forming of an ice lens is the primary cause of soil 
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heaving, which can damage buildings, roads, and underdrains. The liquid form of water in partially 
frozen soil also moves through the frozen layer due to thermal gradients, from the higher 
temperature layer to the lower temperature layer (Hoekstra, 1966). Zhang and Armstrong (2001) 
and Zhang et al. (2003) showed that a relatively large area of the United States (approximately 55-
75 percent of the contiguous United States) experiences seasonal soil freezing and thawing. 
Therefore, understanding the mechanisms of soil freezing and thawing has been recognized as 
important from many perspectives such as agronomy, environmental science, hydrology, and civil 
engineering.  
Soil freezing and thawing is a complicated phenomenon of coupled heat and water 
transfer involving water phase changes. When air temperature drops below 0 °C, soil heat moves 
towards the soil surface primarily due to conduction, and soil water starts freezing. Freezing of 
soil water produces latent heat, and the produced latent heat also moves towards the surface by 
conduction. Liquid water transfer in unfrozen and partially frozen soils carries heat (convective 
heat transfer), and emits a large amount of latent heat by freezing. Water vapor also moves through 
both unfrozen and partially frozen soils due to thermal gradients and the vapor carries heat. Soil 
ice in subsurface soil sublimates, or vapor in air condenses onto subsurface soil involving latent 
heat flux. To better understand soil hydrologic processes during soil freezing and thawing, it is 
fundamental to develop understanding of coupled heat and water transfer with water phase changes. 
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However, understanding of these processes is not enough because of the complexity, and also 
difficulty of in situ measurements in the partially frozen soils. For developing further 
understanding, it is necessary to accurately quantify both hydraulic and thermal properties of 
partially frozen soils. 
Heitman et al. (2008a, 2008b) developed a sensible heat balance (SHB) method using a 
sequence of heat pulse probes (HPP) to quantify subsurface evaporation rate. This method is based 
on determining latent heat sources/sinks in subsurface soil with measurements of soil thermal 
properties and calculations of conductive heat transfer and sensible heat storage. They quantified 
evaporation rates by dividing the latent heat sources/sinks by latent heat for water vaporization. 
The applicability of the SHB method has been tested and confirmed by many studies (Sakai et al., 
2011: Xiao et al., 2011, 2014; Zhang et al., 2012; Deol et al., 2012, 2014; Trautz et al., 2013). The 
advantage of the SHB method is that it provides both water vapor transfer and heat transfer 
information with relatively simple measurements and calculations. The SHB method has the 
possibility of quantifying in situ rates of soil freezing and thawing, or equivalently, soil ice contents, 
which have been difficult to measure. When soil temperature is lower than the freezing point of 
water, the latent heat sources/sinks determined with the SHB method are associated with soil 
freezing/thawing. By dividing the latent heat sources/sinks by the latent heat, changes in soil ice 
contents may be determined. In addition, once soil ice content can be determined, there is a 
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possibility for determining liquid water fluxes in partially frozen soil by determining both sensible 
heat balance and water balance. Because of the potential benefits, this work aims to develop, to 
test, and to improve the use of the SHB method to determine rates of soil freezing and thawing. 
 Chapter 2 of this dissertation includes a numerical study evaluating the conceptual 
applicability of the SHB method for estimating changes in soil ice contents during freezing and 
thawing conditions. In Chapter 3, the practical applicability of the SHB method is tested in a 
winter-time field study, and a sensitivity analysis of SHB terms, based on the numerical study used 
in Chapter 2, is performed. The sensitivity analysis is performed to reveal the accuracy 
requirements for the HPP measurements used in the SHB method. In Chapter 4, a sensitivity 
analysis evaluating the impact of partially frozen soil properties on temperature changes at the 
HPP measurement needle is performed. In Chapter 5, the SHB method is tested in a laboratory 
study with relatively simple freezing and thawing events. Chapter 6 provides a general conclusion 
for these studies. 
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CHAPTER 2. NUMERICAL EVALUATION OF A SENSIBLE HEAT BALAMCE 
METHOD TO DETERMINE RATES OF SOIL FREEZING AND THAWING 
Yuki Kojima, Joshua L. Heitman, Gerald N. Flerchinger, and Robert Horton 
A paper published in Vadose Zone Journal 
Abstract 
In-situ determination of soil freezing/thawing is difficult despite its importance for many 
environmental processes. A sensible heat balance (SHB) method using a sequence of heat pulse 
probes has been shown to accurately measure water evaporation in subsurface soil, and it has the 
potential to measure soil freezing/thawing. However, determination of soil freezing/thawing may 
be more challenging than evaporation because the latent heat of fusion is smaller than the latent 
heat of vaporization. Furthermore, convective heat flow associated with liquid water flow and 
occurrence of evaporation/condensation during freezing/thawing may cause inaccurate estimation 
of freezing/thawing with the SHB method. The objective of this study is to examine the 
applicability of the SHB concept to soil freezing/thawing. Soil freezing/thawing events were 
simulated with the simultaneous heat and water (SHAW) model. Ice contents were estimated by 
applying the SHB concept to numerical data produced by the SHAW model. Close agreement 
between the SHB-estimated and the SHAW-simulated ice contents were observed at depths below 
24 mm. The main cause of inaccuracies with the SHB method was poor estimation of heat 
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conduction at the 12 mm depth, possibly due to simplifications of temporal or vertical distributions 
of temperature and thermal conductivity. The effects of convective heat flow and concurrent 
evaporation/condensation and freezing/thawing on the SHB method were small. The results 
indicate that the SHB method is conceptually suitable for estimating soil freezing/thawing. 
Independent, accurate estimates of thermal properties must be available to effectively use the SHB 
method to determine in situ soil freezing/thawing. 
 
Introduction 
Soil freezing and thawing have critical effects on water and chemical movement in soil 
during winter and spring. Ice in partially frozen soil can interrupt infiltration of rainfall or 
snowmelt leading to surface runoff and erosion (Kane and Stein, 1983; Cruse et al., 2001). 
Furthermore, frozen soils have low matric potential similar to dry soils (William, 1964; Koopmans 
and Miller, 1966), so that liquid water flow from warm layers into cold layers, generally upward 
in direction, is induced (Dirksen and Miller, 1966; Kung and Steenhuis, 1986). Simultaneously, 
liquid water flow causes advective movement of dissolved chemicals (Cary and Mayland, 1972; 
Cary et al., 1979; Galinato, 1987). Liquid water moving upward into colder layers causes 
increasing ice content in the freezing zone. Moreover, formation of ice lenses by freezing, results 
in soil structural changes (Penner, 1967; Miller, 1972; Gieselman et al., 2008). Hence, determining 
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water contents, water flow rates, and water-to-ice phase changes in partially frozen soils is 
important.  
Continuous in-situ measurement of unfrozen water content has been successful with 
dielectric permittivity measurements such as time domain reflectometry (TDR) (Stein and Kane, 
1983; Hayhoe et al., 1983; Spaans and Baker, 1995). It has been reported that the relationship 
between dielectric permittivity of partially frozen soils and liquid water content is dependent on 
the total water content so that calibrations taking into account ice permittivity are required for 
accurate measurements (Spaans and Baker, 1995; Seyfried and Murdock, 1996; Watanabe and 
Wake, 2009). Temporal in-situ measurements of ice formation and thawing in soil have been 
difficult to obtain in spite of their importance. Few studies on estimating soil volumetric ice content 
have been reported. Kelleners and Norton (2012) estimated volumetric ice content with a dielectric 
permittivity sensor and a dielectric mixing model (Bittelli et al, 2003). They assumed that total 
water content did not change during soil freezing. The assumption ignores liquid water supplied 
from snow cover or by liquid water flow in partially frozen soil. Bittelli et al. (2004) examined a 
mixing model used in conjunction with dielectric permittivities measured at two different 
frequencies. The method was successful for low clay content soils only. Total water content in 
partially frozen soil can be measured with a gamma radiation attenuation method (Loch and Kay, 
1978; Fukuda, 1983) or a neutron probe method (Sartz, 1969; Fukuda and Kinosita, 1985). Thus, 
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ice and water contents may be determined simultaneously by combining gamma radiation 
attenuation or neutron probe measurements with dielectric permittivity measurements (Hayhoe 
and Bailey, 1985; Kahimba and Sri Ranjan, 2007). However, there are difficulties in using gamma 
radiation in field conditions, and neutron probe measurements are for relatively large volumes of 
soil that do not match in scale with the TDR measurements. Watanabe et al. (2010), Liu and Si 
(2011), and Zhang et al. (2011) examined estimation of ice content from volumetric heat capacity 
measured with a heat pulse probe but encountered problems with estimations near 0 ˚C. Clearly, 
there is a need for improved field measurement techniques for estimating water and ice contents. 
A sensible heat balance (SHB) method using a sequence of heat pulse probes positioned 
with depth has been shown to accurately measure water evaporation and condensation at shallow 
soil depths (Heitman et al., 2008a, c; Xiao et al., 2011), and the applicability of the SHB has been 
confirmed by a numerical study (Sakai et al., 2011). The SHB method has the possibility of being 
applied to soil freezing and thawing in order to determine ice content changes when the latent heat 
of fusion is the main source of latent heat in soil. A potential advantage of the SHB balance method 
is that it provides both water transfer and heat transfer information with relatively simple 
measurements, e.g., ambient temperature changes and local temperature changes in response to 
heater inputs. The SHB method can potentially measure freezing at a mm to cm depth scale. 
However, measurement of soil freezing and thawing may be more challenging than measuring 
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evaporation and condensation because i) the latent heat of fusion (334,000 J kg-1 at 0 ˚C) is much 
smaller than the latent heat of vaporization (2,442,000 J kg-1 at 25 ˚ C), ii) soil freezing and thawing 
generates liquid water flow which contributes to heat transfer that is not explicitly accounted for 
in previous applications of the SHB method for evaporation and condensation, and iii) concurrence 
of evaporation/condensation and freezing/thawing may cause inaccurate estimation of ice content 
with the SHB method since the SHB method cannot distinguish latent heat for vaporization and 
latent heat for fusion. Because of the potential benefits for estimating changing ice contents with 
depth and time, it is important to evaluate the possibility of using a SHB method to determine rates 
of soil freezing and thawing. Therefore, the objective of this study is to examine the conceptual 
applicability and potential limitations of the SHB method to determine soil freezing and thawing 
by numerical analysis. The numerical study consists of two steps. In step 1, Soil freezing and 
thawing events are simulated with the simultaneous heat and water (SHAW) model. In step 2, the 
SHB method is used to analyze the data numerically generated with the SHAW model. The 
applicability and potential limitations of the SHB method are investigated by comparing the SHB 
method estimations of ice contents with ice contents calculated by the SHAW model. The SHB 
calculation have the assumptions that heat pulse probes can measure thermal properties of partially 
frozen soils accurately, and heat pulse inputs by heat pulse probes are a negligible source of heat 
in the heat balance. 
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Theory 
Sensible heat balance method 
Heat pulse probes are widely used to determine soil thermal properties (volumetric heat 
capacity, thermal diffusivity, and thermal conductivity) (Campbell et al., 1991; Kluitenberg et al. 
1995; Ochsner et al., 2001). Sensible heat balance terms for soil layers (Heitman et al., 2008a, c), 
i.e., sensible heat inflow, sensible heat outflow, and the change in sensible heat storage, can be 
determined with a heat pulse probe (Fig.1). Conductive heat fluxes at the upper and lower 
boundaries of a specified soil layer, Hu and Hl (W m
-2), are described as  
z
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where λu and λl are thermal conductivities (W m-1 ˚C-1) at the upper and lower boundaries, 
respectively, Ti is temperature at the depth, i, of each temperature sensor (˚C), and Δz is difference 
in depth of the temperature sensors (m). Change in sensible heat storage of the layer ΔS (W m-2) 
is written as 
z
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where Cu and Cl are volumetric heat capacities (J m
-3 ˚C-1) in soil above and below the heating 
needle, ΔTi is temperature change of the soil layer with time (˚C), Δt is time step interval (s). Cu 
and Cl are averaged to estimate the volumetric heat capacity at the center of the layer. The thermal 
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conductivity λ and the volumetric heat capacity C are determined from temperature transitions at 
the adjacent above and below sensing needles corresponding to the heat input at the center needle 
(Bristow et al., 1994). Heat pulse probes used in previous research for the SHB method (Heitman 
et al., 2008a, c) were designed with 6 mm needle intervals. Therefore, the soil layer thickness can 
be 6 mm, or multiple numbers of 6 mm. Measuring thermal properties accurately in partially frozen 
soils is challenging because ice melts when heat is applied (Putkonen, 2003; Overduin et al., 2006; 
Ochsner and Baker, 2008; Watanabe et al., 2010; Tokumoto et al., 2010, Wagner-Riddle et al., 
2010). Further investigation and improvement on measuring thermal properties of partially frozen 
soils is warranted. 
Since water evaporation and condensation or water freezing and thawing involve large 
amounts of latent heat, the residual or hidden heat associated with water phase change must be 
included in a sensible heat balance calculation for a specific soil layer. Evaporation and 
condensation rates of water can be determined by dividing the missing or excess heat by the latent 
heat for vaporization when soil temperature is larger than 0 ˚C, and the missing or excess heat can 
be considered as latent heat produced or consumed by soil freezing or thawing when soil 
temperature is less than 0 ˚C: 
)0()(
)0()(
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where Lv is latent heat for vaporization (J m
-3), Ei is evaporation rate from the specific layer i (m 
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s-1), Lf is latent heat for fusion (J m
-3), and ΔθI is time change rate of ice content in the layer (m s-
1). Although the excess heat or missing heat term also includes convective heat associated with 
liquid and vapor water flows, the SHB method assumes that convective heat transfer is negligible. 
Sakai et al. (2011) reported that this assumption is acceptable when the SHB method is used for 
evaporation and condensation. When soil temperature is less than 0 ˚C, not only do freezing and 
thawing occur in soils, but it is possible for evaporation or sublimation and condensation to also 
occur. Thus, Eq. [3] for freezing and thawing may not be effective for determining ice content 
changes when soil water evaporation or sublimation rates are significant during freezing and 
thawing. 
Numerical Simulation 
Soil freezing and thawing events were simulated numerically with the SHAW model. The 
SHAW model is a one-dimensional finite difference model that simulates coupled heat, water and 
solute transfer in atmosphere-plant-snow-residue-soil systems (Flerchinger and Saxton, 1989a), 
which has been widely applied to in-situ soil freezing and thawing events (Flerchinger and Saxton, 
1989b; Nassar et al., 2000; Flerchinger et al., 2006). In this study, the surface is fixed as a bare soil 
surface, i.e., only soil and atmosphere are included in the system. Additionally, the model, usually 
used for one-hour time steps, was modified to operate and output results at one minute time steps. 
A one dimensional water balance equation including liquid water flow and vapor flow in soil is 
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expressed in the SHAW model as (Flerchinger and Saxton, 1989a) 
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where t is time (s), θ are volume fraction (m3 m-3), ρ is density (kg m-3), z is depth (m), K is 
hydraulic conductivity (m s-1), ψ is soil water matric potential (m H2O), q is water flux (m s-1), 
subscripts L, I, and v are liquid water, ice, and water vapor, respectively. The relationship between 
matric potential ψ and volumetric water content θL is expressed as (Campbell, 1974), 
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where θs is saturated soil water content (m3 m-3), and ψe and b are air entry potential (m H2O) and 
a pore size distribution index, respectively, which are obtained by curve fitting Eq. [5] to 
experimental observations. Soil hydraulic conductivity K as a function of matric potential or water 
content uses parameters defined in Eq. [5] (Campbell, 1974),  
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where Ks is saturated hydraulic conductivity (m s
-1). When ice is present in soil, the matric potential 
ψ is expressed as a function of temperature (Fuchs et al., 1978): 
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where g is gravitational acceleration (9.81m s-2). By combining Eqs. [5] and [7], maximum liquid 
water content can be defined, and ice content is the difference between total water content and 
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maximum liquid water content. When the total water content θT is smaller than the maximum 
liquid water content, liquid water content is equal to θT and ice content is considered to be zero. 
 The governing one-dimensional energy conservation equation including soil freezing and 
thawing, heat conduction, and convective heat transfer with both liquid water and vapor is 
(Flerchinger and Saxton, 1989a) 
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[8] 
where Cs is soil volumetric heat capacity (J m
-3 ˚C-1), λs is soil thermal conductivity (W m-1 ˚C-1) , 
cL is specific heat of liquid water (J kg
-1 ˚ C-1). Thermal conductivity λs and volumetric heat capacity 
Cs of soils are calculated as functions of soil particle size distribution, organic matter content, bulk 
density, soil liquid water content, and ice content with the theory initially developed by de Vries 
(1963) and modified for partially frozen soil by Penner (1970):  
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where m is weighting factor, λ is thermal conductivity (W m-1 ˚C-1), ρ is density (kg m-3), c is 
specific heat (J kg-1 ˚C-1), and θ is volume fraction (m3 m-3) of each soil constituent (minerals, 
organic matter, water, ice, and air). The surface boundary condition of the system is determined by 
the surface energy balance equation:  
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GELHR sfvsfn        [11] 
where Rn is net radiation (W m
-2), Hsf is sensible heat flux at the surface (W m
-2), Esf is evaporation 
rate at the surface (m s-1), and G is ground heat flux (W m-2). Rn, Hsf, and Esf are determined from 
weather and surface conditions. Rn is defined as (Campbell and Norman, 1998) 
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where  is surface albedo, Rs is solar radiation (W m
-2),  is Stefan-Boltzmann constant (5.67 × 
10-8 W m-2 K-4), εs is emissivity of surface, εa is atmospheric emissivity, Tsf is surface temperature 
(˚C), and Ta is air temperature (˚C). Hsf and Esf are determined by (Campbell and Norman, 1998) 
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where ρa and ca are density (kg m-3) and specific heat (J kg-1 ˚C-1) of air, rH is resistance to surface 
heat transfer (s m-1), ρvs and ρva are vapor density of surface and atmosphere (kg m-3), respectively, 
and rv is resistance for vapor transfer (s m
-1) which is taken to be equal to rH. The vapor density of 
surface and atmosphere are determined by multiplying relative humidity and saturated vapor 
density at the appropriate temperatures. rH is calculated as a function of wind speed u (m s
-1) 
(Campbell and Norman, 1998): 
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where k is von Karman’s constant, zref is the measurement height (m), d is the zero plane 
displacement (m), zH and zm are the surface roughness parameter for the temperature and 
momentum profile (m), and ΨH and Ψm are the profile diabatic correction factors for heat and 
momentum which are a function of atmospheric stability. G is determined as a residual that satisfies 
the energy balance equation, Eq. [11]. G and Esf are used at each time step in the SHAW model as 
the upper boundary condition of total heat flux and total water flux, respectively. 
 
Materials and Methods 
Calculations for a step change in air temperature conditions 
Soil freezing and thawing events for two soils, Hanlon sand and Ida silt loam, were 
simulated for a step change in air temperature conditions. Each soil’s texture, bulk density, organic 
matter content, and parameters for thermal properties and hydraulic properties are shown in Table 
1. The air relative humidity RHa is set at 50%, and the air temperature Ta is maintained at -5 ˚C for 
a 96 h simulation period, and re-set to 5 ˚ C after the first 96 hours until the soil ice content becomes 
zero: 
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The other weather conditions, solar radiation Rs, wind speed u (m s
-1), and precipitation rate P (mm 
h-1) are set at zero during the simulation. The lower boundary condition is defined by maintaining 
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the initial soil temperature and volumetric water content constant throughout the simulation period. 
The initial soil temperature T(z,0) was 5 ˚C, and initial soil volumetric water contents θL (z,0) were 
chosen as 0.05 m3 m-3 or 0.10 m3 m-3 for Hanlon sand and 0.20 m3 m-3 or 0.30 m3 m-3 for Ida silt 
loam: 
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The θL (z,0), 0.10 m3 m-3 for Hanlon sand and 0.30 m3 m-3 for Ida silt loam, are approximate water 
content at field capacity ( ≈ -3.40 m H2O). The θL (z,0), 0.05 m3 m-3 for Hanlon sand and 0.20 m3 
m-3 for Ida silt loam, were chosen to represent drier than field capacity conditions. The simulated 
soil profile covered the depth increment 0 to1 m. Node spacing was 0.006 m in the 0 - 0.18 m soil 
layer, and node spacing gradually increased in deeper soil to a distance of 0.1 m for the deepest 
nodes ending at 1 m. Soil temperature T, total water content θT, ice content θI, thermal conductivity 
λs, and volumetric heat capacity Cs values for each simulated minute are provided by the SHAW 
model. T is given as a result of numerically solving Eq. [8]. θT, and θI, are determined by the 
numerical solution of Eq. [4] combined with Eqs. [5], [6], and [7]. λs and Cs are computed with 
Eqs. [9] and [10], respectively. 
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Calculation with transient atmospheric conditions 
A simulation under transient atmospheric conditions was performed to further examine 
the applicability of the sensible heat balance method for estimating soil freezing and thawing in 
response to environment changes. Hourly weather data for the Orchard site (43˚19’ N, 115˚59’ W), 
described in detail by Flerchinger and Hardegree (2004) and Flerchinger et al. (2006), were used 
for this study. The weather data consisted of Ta, RHa, u, Rs, and P. Tindahay loamy sand was the 
main soil at the site (Table 1). This study focused on soil freezing and thawing between day of 
year, DOY, 332 (Nov. 28th) and DOY 342 (Dec. 8th), 1997. The actual simulation started with 
data from DOY 309 (Nov. 5th), 1997, in order to establish realistic distributions of temperature 
and water content for the study period. The same node spacings and soil depths as used with the 
step change in air conditions simulations were used for these transient condition simulations. The 
initial condition was established by linearly interpolating soil temperatures measured at depths of 
0.01, 0.02, 0.05, 0.10, 0.20, 0.30, 0.50 and 1.00 m, and linearly interpolating soil water contents 
measured at depths of 0.02, 0.05, 0.10, 0.20, 0.30, 0.50 and 1.00 m on DOY 309, 1997. The lower 
boundary condition was maintained constant for temperature and soil water content, 13.4 ˚C and 
0.081 m3 m-3, respectively. 
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Application of the sensible heat balance method 
The numerically produced data from the SHAW model, e.g., soil temperature T, thermal 
conductivity λs, and volumetric heat capacity Cs, for each 15 min simulated time were used for 
SHB method applications (Eq. [3]) to calculate temporal changes in ice contents θI. Each 12 mm 
subsurface soil layer from 12 mm to 168 mm depth was evaluated (12-24, 24-36, 36-48, 48-60, 
60-72, 72-84, 84-96, 96-108, 108-120, 120-132, 132-144, 144-156, 156-168 mm). Since soil 
freezing penetrates much deeper than soil subsurface evaporation, a 12 mm soil layer thickness 
was chosen. The 12 mm soil layer thickness is representative of the spacing of a 3 needle heat 
pulse probes. Thus, 12-mm soil layer thickness is a convenient thickness with practical application. 
As the upper-most depth increment, the 0-12 mm soil layer was not included in the analysis 
because heat pulse probes cannot measure the surface thermal gradient as a finite difference across 
the soil surface, i.e., needles can’t be placed above and below the soil surface to determine a 
gradient (Fig. 1; Heitman et al., 2008a). Thus, the method is only potentially applicable to estimate 
latent heat in the subsurface. 
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Results and Discussion 
SHB for a step change in air temperature condition 
The ice content time series calculated with the SHB method for each soil layer were 
compared with the ice content time series calculated with the SHAW model at the center node of 
each soil layer (18, 30, 42, 54, 66, 78, 90, 102, 114, 126, 138, 150, and 162 mm). Results for the 
12-24, 36-48, 60-72, and 84-96 mm soil layers are presented with soil temperatures at the center 
node of each soil layer calculated with the SHAW model in Fig. 2 and Fig. 3 for sand and silt loam, 
respectively. Ice contents in both sand and silt loam increased as soil temperature decreased, and 
became stable after the initial rapid increase. In Fig. 2 and Fig. 3, the maximum values are shown 
in proportion to the initial water contents θL(z,0). Maximum absolute differences between ice 
content simulated with the SHAW model and ice content calculated with the SHB method during 
the freezing and thawing event for the 12-24, 36-48, 60-72, 84-96 mm were 0.154, 0.003, 0.003, 
0.002 m3 m-3 for θL(z,0) = 0.05 sand, 0.127, 0.012, 0.011, 0.010 m3 m-3 for θL(z,0) = 0.10 sand, 0.035, 
0.004, 0.003, 0.003 m3 m-3 for θL(z,0) = 0.20 silt loam, 0.444, 0.026, 0.020, 0.018 m3 m-3 for θL(z,0) 
= 0.30 silt loam. The absolute differences are quite small except for the shallowest soil layer (12-
24 mm). The ice contents of the 12-24 mm layer estimated with the SHB method for θL(z,0) = 0.05 
sand, θL(z,0) = 0.10 sand, θL(z,0) = 0.20 silt loam, and θL(z,0) = 0.30 silt loam had maximum values of 
0.122, 0.211, 0.094, and 0.635 m3 m-3, respectively. The deeper the soil layer, the smaller the 
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maximum absolute difference. Moreover, larger maximum absolute differences are shown for the 
larger initial soil water contents. 
The differences between the SHB method and the SHAW calculations may be caused by 
i) the SHB method not accounting for convective heat flow associated with liquid and vapor water 
transfer, ii) simultaneous evaporation/condensation and freezing/thawing, and iii) calculation error 
of sensible heat flux H and sensible heat storage ΔS.  
Although the ice content transitions for the 12-24 mm soil layer were not accurately 
described by the SHB method, the SHAW model ice content determination and SHB method ice 
content were consistent in depth and time for the soil layers deeper than 24 mm. The absolute 
differences for the soil layers deeper than 24 mm are quite small, being at most 0.003, 0.012, 0.004, 
and 0.026 m3 m-3 for θL(z,0) = 0.05 sand, θL(z,0) = 0.10 sand, θL(z,0) = 0.20 silt loam, and θL(z,0) = 0.30 
silt loam, respectively. The slightly larger errors for the θL(z,0) = 0.30 silt loam are due to differences 
in timing and rate of soil thawing (Day 7~10) in Fig. 3-(b). The magnitude of the ice content 
change with the SHAW model and the SHB method for the thawing event is consistent, and ice 
content changes in the freezing process of the θL(z,0) = 0.30 silt loam showed small maximum 
absolute differences, at most 0.013 m3 m-3, for the soil layers below 24 mm. The SHB method 
estimates of ice content were consistent with the ice estimates of the SHAW model below a depth 
of 24 mm regardless of soil type and initial soil water contents. Soil freezing in many cases 
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penetrates below a depth of 100 mm (e.g., DeGaetano et al., 2001; Flerchinger et al., 2006), which 
implies that ice content determinations at soil layers at depths below 24 mm are quite important. 
Therefore, the results indicate that the SHB method can be a powerful tool for investigating long 
term soil freezing and thawing events at specific locations. 
Effect of convective heat flow on the sensible heat balance method 
The effect of convective heat transfer associated with liquid water flow on ice content 
estimation in soil with the SHB method was examined. The heat associated with liquid water flow 
influencing the SHB method for each soil layer, Q (J m-2), can be determined as 
)()( 12/1,2/112/1,2/1 iiiLLLiiiiLLLi TTqcTTqc
t
Q


    [18] 
where qL.i-1/2 and qL,i+1/2 are liquid water flux (m s
-1) at upper boundary and lower boundary of the 
soil layer which is positive downward, and Γ is a coefficient to null the term when the liquid water 
flux is outgoing from the specific layer, i.e., Γi-1/2 = 0 when qL,i-1/2 < 0, Γi-1/2 = 1 when qL,i-1/2 ≥ 0, 
and Γi+1/2 = 0 when qL,i+1/2 ≥ 0, Γi+1/2 = 1 when qL,i+1/2 < 0. Since change of soil volumetric heat 
capacity, Cs, due to liquid water flow is taken into account in the SHB method, the Q is expressed 
as the product of heat capacity of liquid water, inflowing liquid water flux, and temperature 
difference between soil layers. There is no influence of convective heat flux on the SHB method 
for outgoing liquid water flux from the soil layer. The total Q values of each soil layer after the 
freezing event and after the thawing event for θL (z,0) = 0.10 m3 m-3 sand and θL (z,0) = 0.30 m3 m-3 
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silt loam were calculated with Eq. [18] (Table 2). Freezing and thawing periods for each soil layer 
were defined as the time that each soil layer experienced temperatures less than 0 ˚C. The air 
temperature shifted from freezing to thawing conditions after day 4 (t=96 h). The cumulative Q 
values were always positive since incoming flow generally occurs from warmer soil layers to 
cooler soil layers while freezing/thawing condition. In addition, compared to thawing, the freezing 
process showed larger cumulative Q values possibly due to larger temperature differences between 
soil layers during freezing. The equivalent volumetric ice content was calculated by dividing Q by 
latent heat for fusion Lf (334,000 J kg
-1), density of ice (916.7 kg m-3), and soil layer thickness 
(0.012 m). The maximum equivalent volumetric ice contents are on the order of 10-4 m3 m-3. The 
results indicate that conduction is dominant for this freezing and thawing event, and the effect of 
convective heat transfer associated with liquid water flow on the SHB method for freezing and 
thawing is negligible, as was found for the SHB method for evaporation and condensation (Sakai 
et al., 2011). 
Impact of simultaneous evaporation/condensation and freezing/thawing on the sensible heat 
balance method 
The effect of evaporation, sublimation, and condensation during soil freezing and thawing 
on the SHB method was evaluated. Since evaporation and sublimation are phase changes of water 
consuming energy, and freezing is a phase change of water releasing energy, concurrent 
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evaporation or sublimation and freezing causes an underestimation of ice content with the SHB 
method. In contrast, concurrent condensation and freezing results in an overestimation of ice 
content with the SHB method because both condensation and freezing are water phase changes 
which release energy. Latent heat flux at the soil surface (positive upward) associated with surface 
evaporation, sublimation, and condensation of each soil and initial water content are presented in 
Fig. 4. The latent heat flux during freezing and thawing is positive except for the moment that the 
air temperature is switched from -5˚C to 5˚C. This indicates that there is surface evaporation or 
sublimation during both freezing and thawing. The surface latent heat flux decreases with surface 
soil freezing, and remains at a constant, small value during thawing compared with freezing. Silt 
loam with an initial water content θL(z,0) =0.30 m3 m-3 shows relatively large latent heat flux during 
freezing. Cumulative surface latent heat and cumulative latent heat associated with evaporation, 
sublimation and condensation for the 0-12 mm, 12-24 mm, 24-36 mm, 36-48 mm, 60-72 mm, and 
84-96 mm soil layers during freezing and thawing event for θL (z,0) = 0.05 m3 m-3 sand, θL (z,0) = 
0.10 m3 m-3 sand, θL (z,0) = 0.20 m3 m-3 silt loam, and θL (z,0) = 0.30 m3 m-3 silt loam are listed in 
Table 3. Positive latent heat values indicate evaporation or sublimation, and negative values 
indicate condensation. Freezing and thawing periods of each soil layer correspond to the time that 
each layer experiences temperature less than 0 ˚C. The cumulative surface latent heat and the 
cumulative latent heat from 0-12 mm soil layer are cumulative values during the time period that 
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the 12-24 mm soil layer experience temperature less than 0 ˚C. Equivalent ice contents, which are 
calculated by dividing the cumulative latent heat associated with vaporization by latent heat for 
fusion, density of ice, and soil layers thickness, are also listed in Table 3. More than 80 % of the 
surface latent heat came from the 0-12 mm layer except thawing event of θL (z,0) = 0.05 m3 m-3 sand, 
and equivalent ice content of the 0-12 mm layer is large relative to deeper layers. Latent heats due 
to evaporation/condensation from the 12-24 mm layer were small. Although the equivalent ice 
contents calculated for the 12-24 mm layer of θL (z,0) = 0.05 m3 m-3 sand, 0.0199 and 0.0180 m3 m-
3 for freezing and thawing, are small, they represent a large fraction of the maximum ice content 
value which was 0.031 m3 m-3. There are small vapor fluxes due to thermal gradients in soil layers 
deeper than 12 mm, however, the equivalent ice content associated with latent heat for 
evaporation/condensation due to vapor transfer in soils is small. Thus, the effect of latent heat 
transfer associated with vapor flow in soils on the SHB method is negligible at soil below a depth 
of 12 mm. 
Conductive heat fluxes at a depth of 12 mm depth 
Table 4 shows cumulative conductive heat flux H at the 12 mm depth during the freezing 
process (day 0-4) simulated with the SHAW model and calculated with the SHB method. There 
were large differences between the heat fluxes. The equivalent ice contents associated with these 
conductive heat differences were calculated by dividing the cumulative conductive heat flux 
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difference by the latent heat for fusion, ice density, and soil layer thickness. The equivalent ice 
contents associated with poorly estimated conductive heat flow by the SHB method were 0.112, 
0.123, 0.035, and 0.547 m3 m-3 for θL (z,0) = 0.05 m3 m-3 sand, θL (z,0) = 0.10 m3 m-3 sand, θL (z,0) = 
0.20 m3 m-3 silt loam, and θL (z,0) = 0.30 m3 m-3 silt loam, respectively. These equivalent ice contents 
were similar to the maximum absolute differences between ice contents simulated with the SHAW 
model and ice contents calculated with the SHB method for the 12-24 mm soil layer, i.e., 0.154, 
0.127, 0.035, and 0.444 m3 m-3 for θL (z,0) = 0.05 m3 m-3 sand, θL (z,0) = 0.10 m3 m-3 sand, θL (z,0) = 
0.20 m3 m-3 silt loam, and θL (z,0) = 0.30  m3 m-3 silt loam, respectively. Therefore, the reason for 
the inaccurate determinations of ice contents in the 12-24 mm soil layer was mainly caused by 
poor estimates of the conductive heat flux at the 12 mm depth by the SHB method. Assumptions 
and numerical instabilities inherent in simulating the non-linear changes in mass, temperature and 
thermal properties near the surface during freezing can introduce errors in the SHAW model 
simulation. Therefore, the SHB method's poor estimate of 12 mm depth conductive heat flow in 
comparison to the SHAW model may not entirely be due to limitations of the SHB method. 
However, when the SHAW model conductive heat flux at 12 mm is considered as a standard, a 
possible reason for the inaccurate estimation of conductive heat flux may be due to the continuous 
changes of T and λs within the 15 min time intervals being simplified as a step change in the SHB 
method, and simplification of vertical distribution of temperature and thermal conductivities by 
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the SHB method. Finer spatial and temporal intervals for the SHB method may be required to 
improve estimates in soil layers shallower than 24 mm. 
SHB application with transient atmospheric condition 
The transient atmospheric conditions (Ta, RHa, u, Rs, and P) used to determine surface 
boundary conditions for water and heat transfer are shown in Fig. 5. A daily soil freezing and 
thawing cycle occurred in response to the transient weather conditions. The ice content transition 
estimated with SHB balance and calculated with the SHAW model, and temperature for the 12-24, 
36-48, 60-72, and 84-96 mm soil layers are shown in Fig. 6. Daily freezing events occurred at 
around 4 am and were maintained until around noon. While freezing penetration was not 
significant at the beginning of the period, it extended below the 10 cm depth after DOY 337-341. 
The maximum ice contents were about 0.06 m3 m-3 through the period. The maximum absolute 
differences between the SHAW model and the SHB method were 0.018, 0.010, 0.007, and 0.008 
m3 m-3 for the 12-24, 36-48, 60-72, and 84-96 mm soil layers. The SHB estimation captured the 
daily ice content transitions in depth and time. Moreover, clear agreements between ice content 
transitions calculated with the SHAW model and those determined by the SHB method were 
obtained for each soil layer including the 12-24 mm layer. It is shown that the SHB balance method 
is conceptually suitable for diurnal freezing and thawing events under natural atmospheric 
conditions. 
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Conclusions 
The SHB method has been previously applied for measuring condensation/evaporation in 
unfrozen soil. The applicability and potential limitations of the SHB method for measuring soil ice 
content changes were investigated by applying the SHB concept to numerically produced data with 
the SHAW model. The results of this numerical study indicate that the SHB method is conceptually 
suitable for estimating ice formation and thawing in subsurface soil layers for long term freezing 
and thawing events under an assumption that the heat pulse probes can accurately determine the 
thermal conductivity and heat capacity in frozen soils. The only limitation on the SHB was for use 
on the 0-24 mm surface soil layer. This was caused by poor estimation of conductive heat fluxes 
at the 12 mm depth during soil freezing. The poor estimations may be due to the continuous 
changes and vertical distributions of thermal conductivities and temperatures which are simplified 
in the SHB. From simulations of diurnally varying conditions, the SHB method was also 
demonstrated as being suitable for estimating daily freezing and thawing events. Convective heat 
transfer associated with liquid water flow had negligible impacts on the SHB estimations. The 
effects of simultaneous evaporation or sublimation, and condensation occurring with freezing on 
the SHB estimates of ice contents were small in the soil layers deeper than 12 mm. The SHB 
method should be further tested by making actual measurements in freezing and thawing soils. 
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Table 1. Particle size distribution, organic matter content, bulk density, and soil hydraulic 
parameters used in the SHAW model calculations. The sand and silt loam data are taken from 
Heitman et al. (2008b), and the loamy sand data are taken from Flerchinger et al. (2006). 
 
 
 
 
 
Table 2. Total heat influencing the SHB method associated with liquid water flow, Q, of each soil 
layer, and its equivalent ice content during freezing and thawing periods with a step change in air 
temperature conditions. 
 
Soil 
texture 
Initial water 
content 
[m3 m-3] 
Layer 
depth 
[mm] 
Q  
[ J m-2 ] 
Equivalent ice content  
[ m3 m-3 ] 
Freezing Thawing Freezing Thawing 
Sand 0.1 
12 - 24 78  4  2.1E-05 1.1E-06 
36 - 48 71  13  1.9E-05 3.5E-06 
60 - 72 60  10  1.6E-05 2.6E-06 
84 - 96 52  5  1.4E-05 1.5E-06 
Silt loam 0.3 
12 - 24 1685  69  4.6E-04 1.9E-05 
36 - 48 1452  115  4.0E-04 3.1E-05 
60 - 72 1346  39  3.7E-04 1.1E-05 
84 - 96 1253  24  3.4E-04 6.4E-06 
 
  
sand silt clay ρb ψe b θs Ks
kg m-3 m m3 m-3 m s-1
Sand 0.917 0.072 0.011 0.006 1600 0.03 3.38 0.396 9.8E-06
Silt Loam 0.022 0.729 0.249 0.044 1200 0.13 6.53 0.547 3.8E-06
Loamy Sand 0.896 0.080 0.024 0.005 1624 0.13 3.16 0.390 3.4E-05
――――――――――――――kg kg-1――――――――――――――
Textural fractions organic 
matter
Hydraulic parameters
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Table 3. Cumulative latent heat associated with vaporization from the surface and from each soil 
layer, and the equivalent ice contents during freezing and thawing periods with a step change in 
air temperature conditions. 
 
  
 
Soil 
texture 
Initial water content 
[m3 m-3] 
Layer depth 
[mm] 
Latent heat associated with 
vaporization [ J m-2  ] 
Equivalent ice content  
[ m3 m-3 ] 
Freezing Thawing Freezing Thawing 
Sand 
0.05  
at surface 865218 49410 - - 
0 - 12 719903  1668  0.1959  0.0005  
12 - 24 73277  65986  0.0199  0.0180  
24 - 36 -6424  -4297  -0.0017  -0.0012  
36 - 48 -5756  -3980  -0.0016  -0.0011  
60 - 72 -5019  -3449  -0.0014  -0.0009  
84 - 96 -4536  -3076  -0.0012  -0.0008  
0.10  
at surface 1281720  137868  - - 
0 - 12 1214883  157920  0.3307  0.0430  
12 - 24 -6865  -2601  -0.0019  -0.0007  
24 - 36 -10178  -6613  -0.0028  -0.0018  
36 - 48 -9647  -7305  -0.0026  -0.0020  
60 - 72 -7853  -6880  -0.0021  -0.0019  
84 - 96 -6808  -6833  -0.0019  -0.0019  
Silt loam 
0.20  
at surface 1520904  129024  - - 
0 - 12 1231754  210033  0.3353  0.0572  
12 - 24 789  -11782  0.0002  -0.0032  
24 - 36 -5052  -15979  -0.0014  -0.0043  
36 - 48 -3230  -14945  -0.0009  -0.0041  
60 - 72 -676  -13358  -0.0002  -0.0036  
84 - 96 1136  -11996  0.0003  -0.0033  
0.30  
at surface 3030618  385626  - - 
0 - 12 2864654  443764  0.7797  0.1208  
12 - 24 -27796  -29382  -0.0076  -0.0080  
24 - 36 -9711  -23182  -0.0026  -0.0063  
36 - 48 -5821  -20943  -0.0016  -0.0057  
60 - 72 -1763  -17946  -0.0005  -0.0049  
84 - 96 860  -15034  0.0002  -0.0041  
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Table 4. Cumulative conductive heat H at the 12 mm depth during a freezing event (day 0-4) 
simulated with the SHAW model and estimated with the SHB model. 
 
Soil 
texture 
Initial water 
content 
SHAW-H 
at 12 mm 
SHB-H 
at 12 mm  
Difference between  
SHAW-H and SHB-H  
Equivalent ice 
content  
  [m3 m-3]  [J m-2]  [J m-2]   [J m-2] [ m3 m-3 ] 
Sand 
0.05  -8003586  -8413494  409908  0.112  
0.10  -11137587  -11589271  451684  0.123  
Silt loam 
0.20  -8061513  -8190944  129431  0.035  
0.30  -12706251  -14714813  2008562  0.547  
  
 
 
 
 
 
Fig. 1. Diagram of the sensible heat balance method with heat pulse probe measurements to 
determine latent heat for vaporization or fusion of a specific soil layer i. Symbols denote 
temperature (T), thermal conductivity (λ), heat capacity (C), sensible heat flux (H), change in heat 
storage (ΔS), latent heat for vaporization (Lv), latent heat for fusion (Lf), evaporation rate (E) and 
change in ice content (ΔθI). The subscripts u and l represent upper and lower boundaries, 
respectively. 
Ti-1
Ti
Ti+1
Soil Layer
Δ S
Hu
Hl
λu, Cu
λl, Cl
Temperature
Sensor
LvE
or
-Lf ΔθI
Heater
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Fig. 2. Volumetric ice contents simulated with the SHAW model (solid lines) and calculated with 
the SHB method (broken lines) for a step change in air temperature conditions, and temperature 
simulated with the SHAW model (lower panel) for (a) sand with initial water content 0.05 m3 m-3, 
(b) sand with initial water content 0.10 m3 m-3. Volumetric ice contents and temperatures of 12-24 
mm, 36-48 mm, 60-72 mm, and 84-96 mm soil layers are shown.  
 
 
 
 
Fig. 3. Volumetric ice contents simulated with the SHAW model (solid lines) and calculated with 
the SHB method (broken lines) for a step change in air temperature conditions, and temperature 
simulated with the SHAW model (lower panel) for (a) silt loam with initial water content 0.20 m3 
m-3, and (b) silt loam with initial water content 0.30 m3 m-3. Volumetric ice contents and 
temperatures of 12-24 mm, 36-48 mm, 60-72 mm, and 84-96 mm soil layers are shown.  
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Fig. 4. Surface latent heat fluxes associated with evaporation, sublimation and condensation 
(positive upward). 
 
Fig. 5. Transient atmospheric conditions, (a) air temperature, (b) relative humidity, (c) wind speed, 
(d) solar radiation, and (e) precipitation rate. The data are taken from Flerchinger et al. (2006). 
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Fig. 6. Temperature at the mid-depth of the 12-24, 36-48, 60-71, and 84-96 mm soil layers 
simulated with the SHAW model (top panel), and volumetric ice contents simulated with the 
SHAW model (solid lines) and calculated with the SHB method (broken lines) for the transient 
atmospheric condition study. Volumetric ice contents in the 12-24 mm, 36-48 mm, 60-72 mm, and 
84-96 mm soil layers are shown in the lower panels.  
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CHAPTER 3. FIELD TEST AND SENSITIVITY ANALYSIS OF A SENSIBLE HEAT 
BALANCE METHOD TO DETERMINE SOIL ICE CONTENTS 
Yuki Kojima, Joshua L. Heitman, Gerald N. Flerchinger, Tusheng Ren, Robert P. Ewing, 
 and Robert Horton 
A paper published in Vadose Zone Journal 
Abstract 
Soil ice content impacts winter vadose zone hydrology. It may be possible to estimate 
changes in soil ice content with a sensible heat balance (SHB) method, using measurements from 
heat pulse (HP) sensors. Feasibility of the SHB method is unknown because of difficulties in 
measuring soil thermal properties in partially frozen soils. The objectives of this study are i) to 
examine the SHB method for determining in situ ice content, and ii) to evaluate the required 
accuracy of HP sensors for use in the SHB method. HP sensors were installed in a bare field to 
measure soil temperatures and thermal properties during freezing/thawing events. In situ soil ice 
contents were determined at 60-min intervals with SHB theory. Sensitivity of the SHB method to 
temperature, heat capacity, thermal conductivity, and time step size was analyzed based on 
numerically produced soil freezing/thawing events. The in situ ice contents determined with the 
SHB method were sometimes unrealistically large or even negative. Thermal conductivity 
accuracy and time step size were the key factors contributing to SHB errors, while temperature 
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and heat capacity accuracy had less influence. Ice content estimated with a 15-min SHB time step 
was more accurate than that estimated with a 60-min time step. Sensitivity analysis indicated that 
measurement errors in soil temperature and thermal conductivity should be less than ±0.05 °C and 
±20%, respectively, but the error in soil heat capacity could vary by ±50%. Thus, improving the 
accuracy of thermal conductivity measurements and using short time steps are required to 
accurately estimate soil ice contents with the SHB method. 
 
Introduction 
Vadose zone hydrology during winter is affected by soil freezing and thawing processes. 
Because of the steep matric potential gradients in partially frozen soils (William, 1964; Koopmans 
and Miller, 1966), liquid water flows upward from unfrozen soil into partially frozen soil (Dirksen 
and Miller, 1966; Kung and Steenhuis, 1986). The low infiltration rates of partially frozen soils 
can induce surface runoff of rainfall or snowmelt (Kane and Stein, 1983; Cruse et al., 2001). In 
order to improve the understanding of winter hydrology, characteristics of partially frozen soils, 
such as liquid water contents, rates of water phase change (freezing and thawing rates), and liquid 
water flow rates, must be quantified accurately. 
Several methods have been tested to determine liquid water contents in partially frozen 
soils. Dielectric permittivity, measured by time domain reflectometry (TDR), has been used to 
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quantify in situ liquid water content in partially frozen soils (Patterson and Smith, 1981; Stein and 
Kane, 1983; Hayhoe et al., 1983; Smith and Patterson, 1984), with ice being a minor complication, 
i.e., dielectric permittivity of ice is not negligible when ice content is large and liquid water content 
tends to be overestimated (Smith and Tice, 1988; Spaans and Baker, 1995; Seyfried and Murdock, 
1996; Watanabe and Wake, 2009). However, in situ quantification of ice formation and thawing in 
soil is difficult. An approach with two different frequency dielectric permittivity measurements 
determined ice contents successfully, but only in soils with low clay content (Bittelli et al., 2004). 
Watanabe et al. (2010), Liu and Si (2011), and Zhang et al. (2011) estimated ice contents of 
partially frozen soils based on volumetric heat capacity measurements with the heat pulse (HP) 
technique. However, this approach did not work well at temperatures just below 0 °C, because 
during heat input periods significant ice melting occurred near the probe surface. Total water 
(liquid plus ice) content of partially frozen soils can be determined by gamma ray attenuation 
(Loch and Kay, 1978; Fukuda, 1983) and neutron moderation methods (Sartz, 1969; Willatt, 1979; 
Fukuda and Kinosita, 1985). Ice content can then be determined by subtracting liquid water content 
determined with dielectric permittivity from total water content determined with gamma ray 
attenuation or neutron moderation (Hayhoe and Bailey, 1985; Kahimba and Sri Ranjan, 2007). 
However, using gamma radiation in the field is difficult, and neutron probe measurements often 
sample different volumes of soil than dielectric permittivity measurements. Furthermore, a 
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combination of neutron probe and dielectric permittivity measurements requires different sampling 
locations so sensors do not interfere with each other. Thus, a practical in situ technique for 
estimating ice content in partially frozen soils is still lacking. 
Heitman et al. (2008a, b) developed a sensible heat balance (SHB) method with a 
sequence of HP sensors positioned with depth to determine subsurface evaporation rates as a 
function of depth and time. The applicability of the SHB method has been confirmed by a 
numerical study (Sakai et al., 2011) and by experiments (Xiao et al., 2011; Zhang et al, 2012; Deol 
et al., 2012; Trautz et al., 2013). Kojima et al. (2013) suggested using the SHB method for soil 
freezing and thawing. Their numerical study showed that the SHB method could determine ice 
content as a function of depth and time at the centimeter scale, if accurate thermal properties were 
obtained. However, feasibility of the SHB method for soil freezing and thawing is unknown 
because of the difficulties of measuring soil thermal properties in partially frozen soils (Putkonen, 
2003; Overduin et al., 2006; Ochsner and Baker, 2008; Watanabe et al., 2010). Further evaluation 
of the SHB method for partially frozen soil is warranted, and in particular evaluation of the 
required HP measurement inputs under these challenging conditions. 
The objectives of this study are i) to examine the SHB method for determining soil 
freezing and thawing rates under field conditions, and ii) to numerically analyze the method’s 
sensitivity to its input terms, in order to determine measurement accuracy requirements. These 
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objectives are addressed using separate approaches: a field experiment was used to examine the 
SHB method, and a numerical sensitivity analysis was used to determine accuracy requirements 
of associated measurements. 
 
Theory 
Sensible Heat Balance Method 
The HP technique has been used to determine soil volumetric heat capacity C (J m-3 °C-1) 
and thermal conductivity λ (W m-1 °C-1) (Campbell et al., 1991; Bristow et al., 1994). Temperature 
changes at a HP sensing needle, responding to heat input from a parallel heater needle, are 
described by the pulsed infinite line source solution (de Vries, 1952; Kluitenberg et al., 1993): 
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  [1] 
where ΔT is temperature change (°C) of the sensing needle at elapsed time t (s) and radial distance 
r (m) from the heater needle, q is heating rate applied with the heater needle (W m-1), and t0 is 
heating duration (s). Ei, the exponential integral, is defined as (e.g. Barry et al., 2000) 
 


u
x
x
x
e
u d)(Ei       [2] 
 
47 
 
When Eq. [1] is used in partially frozen soils, thermal properties determinations are 
affected by ice melting/re-freezing around the heater needle, i.e., both C and λ (especially C) are 
overestimated (Ochsner and Baker, 2008). This is because Eq. [1] assumes that there is no water 
phase change, and that C and λ are constant.  The overestimated C and λ are called apparent heat 
capacity and apparent thermal conductivity. An attempt was made by Zhang et al. (2011) to 
determine C in a partially frozen soil by using a numerical solution that included water phase 
changes during thawing/re-freezing, but the numerical model worked well only when soil 
temperatures were lower than -4 °C. Occurrence of thermal property overestimations with Eq. [1] 
are limited to negative soil temperatures near 0 °C because the amount of ice melting due to a heat 
pulse input lessens as soil temperature decreases below -2 °C. Putkonen (2003) reported 
overestimations of C at temperatures between -10 °C and 0 °C. The apparent heat capacity Cp may 
be corrected by knowing the freezing characteristic of soils and using (Watanabe et al., 2010; 
Zhang et al., 2011) 
T
LCC Lfp
d
d
        [3] 
where Lf is latent heat for water freezing (33.4×10
6 J m-3), and dθL/dT is the slope of the soil 
freezing characteristic (°C-1). Watanabe et al. (2010) estimated soil ice contents by using the 
correction with Eq. [3] and (de Vries, 1966) 
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where ρb is dry soil bulk density (kg m-3), cs is specific heat of soil solids (J kg-1 °C-1), θL and θI 
are liquid water content and ice content (m3 m-3), and CL and CI are volumetric heat capacity of 
liquid water and ice (J m-3 °C-1). Watanabe et al. (2010) reported that ice content determined with 
the method was reasonable when temperatures were lower than -2 °C. This implies that the 
correction by Eq. [3] does not work well at temperatures between -2 °C and 0 °C. Overestimation 
of λ also occurs at temperatures between -2 °C and 0 °C (Ochsner and Baker, 2008; Watanabe et 
al., 2010). Therefore, thermal property values at temperatures between -2 °C and 0 °C are 
unreliable when calculated using the line source equation, but they can, for example, be estimated 
by interpolation of thermal property values measured at temperatures less than -2 °C and larger 
than 0 °C. 
SHB for soil layers can be determined with HP sensors (Fig.1) (Heitman et al., 2008a, b). 
Conductive heat flux across the upper and lower boundaries of a soil layer, Hu and Hl (W m
-2), are 
determined from Fourier’s equation: 
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where zi is depth at point i (m), Ti is temperature (°C) given by the sensor at depth zi, and subscripts 
u and l represent upper and lower boundaries. Changes in sensible heat storage ΔS/Δt (W m-2) of 
a soil layer of thickness Δz (m) are given by 
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where ΔTi is temperature change of the soil layer i (°C), and Δt is time step interval (s). Cu and Cl 
are averaged to estimate C at the center of the layer. Previous research on the SHB method for 
subsurface evaporation (Heitman et al., 2008a, b; Xiao et al., 2011) used HP sensors designed with 
6 mm needle spacing, which has been the common and optimal design for application of HP 
sensors (Ren et al., 1999). Therefore, the thickness of soil layers in the SHB calculations can be 6 
mm, or multiples of 6 mm. Because phase change of water requires large amounts of latent heat, 
the residual or hidden heat term must be included in the sensible heat balance equation: 
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where Lv is latent heat for water vaporization (J m
-3), Ei is the evaporation rate from layer i (m s
-
1), and ΔθI,i/Δt is the change in ice content in layer i (m s-1). When soil temperature is above 0 °C, 
the latent heat term (LvEi) is associated with water evaporation and condensation, and Ei is 
determined by dividing the latent heat term by Lv. When soil temperature is below 0 °C, the latent 
heat term (-LfΔθI,i/Δt) is associated with water freezing and thawing, and ΔθI,i/Δt is determined by 
dividing the latent heat term by -Lf. Equation [7] has two assumptions: (a) there is no evaporation-
condensation when soil temperature is below 0 °C, and (b) convective heat fluxes associated with 
liquid water and vapor flow are negligible. Kojima et al. (2013) found that assumption (a) was not 
valid, as the shallowest soil layer (0-12 mm in their cases) was impacted by evaporation-
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condensation (vapor exchange between surface and atmosphere), but the impact was negligible in 
soil layers deeper than 12 mm, i.e., latent heat fluxes due to vapor flow in soil are small and 
negligible. For assumption (b), Sakai et al. (2011) showed that the contribution of convective heat 
transfer is negligible for evaporation-condensation, and Kojima et al. (2013) showed the same for 
freezing-thawing. 
 
Methods and Materials 
Field Test 
A field experiment was performed near Ames, Iowa during days of year (DOY) 342-352 
(Dec 7-17), 2012, in a bare field following corn harvest. The soil is a Nicollet sandy clay loam 
(fine-loamy, mixed, superactive, mesic Aquic Hapludoll), with 50.3 % sand, 29.2 % silt, and 
20.5 % clay, and 5.4 % organic matter. Four thermo-TDR sensors and a nine needle HP sensor 
were used to measure T, λ, and C in the top 100 mm of the soil (Fig. 2). A thermo-TDR sensor 
combines both HP and TDR capabilities (Ren et al., 1999). The thermo-TDR sensors were 
designed with three 40 mm long needles spaced 6 mm apart with embedded type E thermocouples, 
of which the center needle also had an embedded heater wire. The HP sensor consisted of nine 40 
mm long needles with embedded type E thermocouples, of which four also had an embedded heater 
wire (Zhang et al., 2012). All of the sensor needles had 1.28 mm diameter. The four thermo-TDR 
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sensors instrumented the 3-51 mm soil layer. Center needles of the sensors were at 9, 21, 33, and 
45 mm depths. The HP sensor instrumented the 51-99 mm soil layer, with heater needles at 57, 69, 
81, and 93 mm depths. Additionally, four TDR sensors with three 40 mm waveguides and 6 mm 
spacing were inserted at depths of 57, 69, 81, and 93 mm. TDR measurements were performed 
with a TDR100 and coaxial multiplexer SDMX50 (Campbell Scientific, Inc., Logan, UT), and 
data acquisition was performed with a CR23X datalogger and AM16/32 multiplexers (Campbell 
Scientific, Inc.). Ambient soil temperature measurements (3, 9, 15, 21, 27, 33, 39, 45, 51, 57, 63, 
69, 75, 81, 87, 93, 99 mm depths) with the embedded thermocouples were performed hourly. Heat 
pulse inputs of about 13 W m-1 × 30 s were applied every 8 hours, and λ and C were determined 
by fitting Eq. [1] to heat pulse induced temperature changes with time. Adding heat into partially 
frozen soils by HP measurements may cause thermally driven liquid and vapor flow, and 
differential thawing of ice around the needle. The cumulative impact of these phenomena may be 
significant when the measurements (heat input) are performed frequently. It may lead to lower 
total water contents around the heating needles than around the sensing needles, and cause errors 
in thermal property determination. To avoid this problem we performed HP measurements only 
once every 8 hours. By using a relatively long time interval between measurements, the heat input 
impacts are assumed to be negligible. Temperature changes due to each heat pulse were recorded 
for 90 s, and Eq. [1] was fitted to the data. Liquid water contents θL were determined with TDR 
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measurements every 2 hours, and the Topp et al. (1980) equation was used to approximate liquid 
water content from dielectric permittivity. Smith and Patterson (1984) reported that the liquid water 
contents of partially frozen soils determined with the Topp et al. (1980) equation had accuracy of 
±0.025 m3 m-3, which we considered to be adequate for this study. Measured T, λ, and C were used 
as inputs to SHB theory (Eqs. [5]-[7]) with a 60-min time step to determine ice content changes 
within each 12 mm thick soil layer. Between measurements, θL, λ, and C were estimated by linear 
interpolation. The explicit SHB method estimated ice content only when soil temperature was 
below 0 °C; ice content was set to 0 m3 m-3 whenever soil temperature exceeded 0°C. 
Sensitivity Analysis 
Soil freezing and thawing events were simulated numerically with the simultaneous heat 
and water (SHAW) model. The SHAW model is a one-dimensional finite difference model that 
simulates coupled heat, water, and solute transfer in atmosphere-plant-snow-residue-soil systems 
(Flerchinger and Saxton, 1989a) and has been widely applied to in situ soil freezing and thawing 
events (Flerchinger and Saxton, 1989b; Nassar et al., 2000; Flerchinger et al., 2006). Weather data 
for the Orchard Field Test Site in southwestern Idaho during DOY 332-342 (Nov 28-Dec 8), 1997, 
described in detail by Flerchinger and Hardegree (2004), Flerchinger et al. (2006), and Kojima et 
al. (2013), were used to determine surface boundary conditions. Based on thermocouple and TDR 
measurements, the 1 m deep lower boundary was held constant at T = 13.4 °C and θL = 0.081 m3 
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m-3. The model soil was based on a Tindahay loamy sand (sandy, mixed, mesic Xeric Torriorthents), 
described in detail in Kojima et al. (2013). The soil thermal properties λ and C were calculated 
with the de Vries model (de Vries, 1966) based on the volume ratio of soil constituents in the 
SHAW model. Initial temperatures and water contents were linearly interpolated from values 
measured with thermocouple and TDR. Node spacing was 0.006 m at the surface, increasing 
gradually with depth to 0.1 m at the bottom of the soil profile. The SHAW model outputs T, λ, C, 
liquid water content θL, and ice content θI as functions of depth and time. Kojima et al. (2013) used 
these T, λ, and C as input to a SHB-based model (Eqs. [5]-[7]) to determine SHB-based θI 
(henceforth SHB θI), which they then compared with the SHAW modeled θI (henceforth SHAW 
θI). They found good agreement between SHAW θI and SHB θI. In the present study, random errors 
are added to the SHAW model’s output T, λ, and C values before passing them as inputs to the 
SHB method. By comparing the SHAW θI to the error-added SHB θI, the impact of measurement 
errors in T, λ, and C on SHB calculations can be assessed. Imposed errors are uniform random 
deviates within ± 5%, ± 10%, and ± 20% for λ, ± 10%, ± 25%, and ± 50% for C, and ± 0.02 °C, ± 
0.05 °C, and ± 0.10 °C for T. Errors are imposed independently for each time step and soil layer. 
For each scenario, 100 realizations are analyzed. In order to evaluate the impact of thermal 
conductivity overestimation or underestimation on SHB calculations, bias errors of 0.1 W m-1 °C-
1 and 0.2 W m-1 °C -1 in thermal conductivity are tested concurrently with errors in thermal 
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conductivity. To evaluate the impact of time step size, calculations are performed with either a 
common time step of 60-min, or a shorter time step of 15-min. 
Performance of the SHB method with imposed errors is evaluated using the root mean 
square error (RMSE):  
 
n
II 
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 SHBSHAW 
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    [8] 
where n is the number of observations. RMSE is calculated only when soil temperature is below 
0 °C, thus, n is the number of data points for which θI > 0 m3 m-3. The presented RMSEs are the 
average of 100 realizations. 
 
Results and Discussion 
Field Test: Determining T, λ, and C 
Measurements were performed for a 10-d interval during which air temperature dropped 
below 0 °C on six different days (Fig. 3a). There were at least five soil freezing and thawing events 
near the surface of the soil. Figure 3b shows liquid water contents for soil layers 9-21, 33-45, 57-
69, and 81-93 mm. The liquid water contents for each soil layer were determined by averaging two 
TDR measurements adjacent to the soil layers. Increases in θL (Fig. 3b) on DOY 344 and 350 were 
due to precipitation (5 mm on DOY 344 and 11 mm on DOY 350), in both cases occurring when 
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soil temperatures were above 0 °C. Dynamic changes in θL were observed during DOY 345 and 
DOY 350 due to soil freezing and thawing. Thermal conductivity λ was greater deeper in the profile 
(Fig. 3c) due to higher water contents. As an artifact of ice melting due to a heat pulse input, 
estimated values of λ were sometimes unreasonably large (defined as λ > 1.5 W m-1 °C -1). The 
unreasonable λ values were replaced by estimates using linear interpolation between reasonable λ 
values. The reasonable λ values were determined from heat pulse measurements made at 
temperatures below -2 °C or above 0 °C. Unreasonable values of thermal conductivity were 
observed only when soil temperature was between -1.68 °C and 0 °C during the measurement 
period. In addition, HP sensors measured no temperature rise from heat inputs when the soil 
temperature was between 0°C and -0.4°C, so linear interpolations were also used to estimate λ in 
those cases. Because the soil layers deeper than 51 mm did not experience temperatures lower than 
-2 °C during this study period, most of the thermal conductivities of partially frozen soils 
determined with the nine needle HP sensor were extrapolated. In total 66 out of 255 measurement 
values were replaced by interpolation/extrapolation. Likewise, the values of C were sometimes 
affected by ice melting during heating, with values sometimes exceeding the heat capacity of liquid 
water (4,184 kJ m-3 °C -1 at 10 °C; de Vries, 1966). Because C can be accurately estimated from 
the volume fractions and volumetric heat capacities of each soil constituent, C for the SHB method 
was calculated with Eq. [4]. The core measured ρb value was 1370 kg m-3. The value for cs was 
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estimated at 893 J kg-1 °C-1 based on soil particle size distribution, organic matter content, and 
specific heat of each soil solid constituent (Campbell, 1985). Values for CL and CI (4.18 and 1.73 
MJ m-3 °C-1) were taken from Campbell (1985). Values for θL were determined from TDR 
measurements. The explicit SHB calculations produced the θI value used in the subsequent time 
step. Thus, θI values used in Eq. [4] were determined by the SHB method in the previous time step. 
Field Test: SHB application 
When soil temperature dropped below 0 °C, θI was estimated with the SHB method (Fig. 
3d). However, θI was sometimes unreasonably large, exceeding the saturated water content of the 
soil (0.5 m3 m-3) or exceeding the θL determined by TDR before the freezing event (0.3-0.4 m3 m-
3). For the deeper layers, 57-69 mm and 81-93 mm, the liquid water contents before and after a 
freezing event (DOY 344 and DOY 348) were similar (both approximately 0.37 m3 m-3). By 
subtracting the liquid water content during freezing from 0.37 m3 m-3, ice contents for these two 
layers were estimated. The estimated maximum ice contents for the 57-69 mm and 81-93 mm 
layers were 0.16 m3 m-3 and 0.15 m3 m-3, respectively. Thus, actual ice contents for these layers 
must be near these values even if the SHB method estimated larger ice contents for the deeper soil 
layers. In addition, θI estimated with the SHB method were even negative at some depths. Abrupt 
decreases of θI resulted from the computational resetting of θI to zero when soil temperatures rose 
above 0 °C. Given these issues, the SHB measurements and analyses as performed did not provide 
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accurate estimates of θI. Kojima et al. (2013) demonstrated that the SHB method was feasible for 
soil freezing, if necessary inputs for Eq. [7] were available. Thus, we attributed these inaccurate 
estimates of θI to the result of shortcomings in the analysis due to insufficient accuracy in 
measuring thermal properties and/or ambient temperature. We therefore performed a sensitivity 
analysis to investigate the required accuracy of input measurements for Eq. [7]. 
Sensitivity Analysis 
A sensitivity analysis was performed to determine if the SHB method could accurately 
estimate ice content for known soil conditions. Because actual field soil properties are not known, 
a sensitivity analysis of numerical data is the preferred option. We compared the relatively simple 
SHB method to the detailed, field-tested SHAW model. The SHAW model includes assumptions 
such as no liquid water flow in partially frozen soil when available porosity is less than 0.13 m3 
m-3, and no temperature gradients within a simulated soil layer (Flerchinger, 1987). Although its 
assumptions do not strictly represent field conditions, the SHAW model closely duplicates the soil 
thermal and hydraulic conditions of the Orchard site (Flerchinger and Hardegree, 2004; 
Flerchinger et al., 2006), data from which we used for this sensitivity analysis. 
Root mean square errors (RMSE) of SHB θI due to imposed random and bias errors for 
the 12-24, 36-48, 60-72, and 84-96 mm soil layers are shown in Tables 1 and 2. With no imposed 
errors, SHAW θI and SHB θI showed good agreement at all depths (Fig. 4). The RMSE of θI for 
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the 12-24, 36-48, 60-72, and 84-96 mm soil layers with a 60-min time step were 0.008, 0.009, 
0.007, and 0.005 m3 m-3, respectively. The RMSE with a 15-min time step (0.004, 0.003, 0.002, 
and 0.003 m3 m-3) were even smaller than the 60-min time step values. 
Overall, SHB estimates of θI made with a 15-min time step were better than estimates 
made with a 60-min time step, as shown by their smaller RMSE. For example, for SHAW θI and 
SHB θI with ± 20% random errors imposed on λ, RMSE with a 60-min time step were 0.028, 0.023, 
0.021, and 0.016 m3 m-3, and RMSE with a 15-min time step were 0.014, 0.011, 0.010, and 0.008 
m3 m-3. The 60-min RMSE values were cut in half as expected when a 15-min time step was used, 
because the standard error of the random errors was cut in half when four errors per hour were 
used instead of one. If the only effect of taking shorter time steps was to average (and thus reduce) 
the effect of random errors, we would expect (for example) the 60-min, ± 5% random error runs 
to have the same RMSE as the 15-min, ± 10% random error runs. But even making this adjustment, 
the shorter time steps still gave lower RMSE (from 0.001 to 0.006). Thus, it is important to use 
relatively short time intervals for SHB input measurements. Because frequent heat application in 
the HP measurements may cause considerable soil ice melting, we recommend that thermal 
properties not be measured more frequently than every hour. However, ambient temperature 
measurements can be made frequently, or even continuously, without imposing heat. Using a short  
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time interval for measurements is an achievable opportunity for improving SHB θI determinations. 
Thus, the following analyses focus on the 15-min time step results. 
Figure 5 shows SHAW θI and SHB θI with random errors imposed on λ. Figure 5 only 
includes results for the 12-24 mm layer because this layer usually showed the largest errors, i.e., 
errors were smaller for deeper layers. For the 12-24, 36-48, 60-72, and 84-96 mm soil layers, 
RMSEs with ±5% λ error were 0.005, 0.004, 0.004, and 0.003 m3 m-3, RMSEs with ±10% λ error 
were 0.008, 0.006, 0.006, and 0.005 m3 m-3, and RMSE with ±20% λ error were 0.014, 0.011, 
0.010, and 0.008 m3 m-3. The differences between SHAW θI and SHB θI increased as imposed 
errors increased. SHB θI with ± 5% and with ± 10% showed the best agreements with SHAW θI. 
The 95% confidence intervals were small, with the widest confidence ranges in the 12-24 mm 
layer being 0.026 m3 m-3 and 0.050 m3 m-3. SHB θI with ± 20% had overestimation or 
underestimation more often than SHB θI with either ± 5% or ± 10%, but still captured the trend in 
ice content. This indicates that λ measurements should have at least ± 20% accuracy with a 15-min 
time step. The thermal conductivity in the calculations ranged from 0.85 to 1.89 W m-1 °C -1, thus 
the acceptable errors (±20 %) ranged from 0.17 to 0.38 W m-1 °C -1. 
Figure 6 shows SHAW θI and SHB θI with random errors imposed on C. For the 12-24, 
36-48, 60-72, and 84-96 mm soil layers, RMSE with ±10% were 0.004, 0.003, 0.003, and 0.003 
m3 m-3, RMSE with ±30% were 0.004, 0.003, 0.003, and 0.003 m3 m-3, and RMSE with ±50% 
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were 0.005, 0.003, 0.003, and 0.003 m3 m-3. RMSE values did not increase much as random errors 
increased, and SHB θI showed good agreement with SHAW θI even with ± 50% random error. This 
implies that high accuracy is not required for the sensible heat storage term ΔS/Δt in Eq. [7], 
because the magnitude of ΔS/Δt was small compared to the other terms. The results show that 
measurement errors in C are not critical for the SHB method ice content determination, i.e., ± 50% 
errors in C are acceptable. 
SHAW θI and SHB θI with random errors imposed on T are shown in Fig. 7. For the 12-
24, 36-48, 60-72, and 84-96 mm soil layers, RMSE with ± 0.02°C were 0.005, 0.004, 0.004, and 
0.005 m3 m-3, RMSE with ± 0.05 °C were 0.009, 0.009, 0.010, and 0.009 m3 m-3, and RMSE with 
± 0.10°C were 0.016, 0.016, 0.018, and 0.016 m3 m-3. SHB θI with ± 0.02 °C random error and ± 
0.05°C random error showed good agreement with SHAW θI with a maximum 95% confidence 
interval of 0.042 m3 m-3 and 0.056 m3 m-3 for the 12-24 mm layer. SHAW θI with ± 0.10°C had 
overestimation or underestimation, and sometimes showed negative values. Thus, at least ± 0.05°C 
accuracy is required for ambient temperature measurements. As an example, a type E 
thermocouple read with a CR23X datalogger (Campbell Scientific, Inc.) provides temperature 
measurements at approximately 0.005°C resolution (Campbell Scientific, Inc., 2006) with at most 
0.07 °C error. Note that because the SHB method uses only temperature differences between 
temperature sensors, errors associated with datalogger temperature are not critical and errors in 
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thermocouple measurements are only associated with voltage measurements of the datalogger. In 
addition, thermistors used in recent HP studies have temperature resolution of 0.002 °C, although 
attention needs to be paid to thermistor drift (Ochsner and Baker, 2008). Therefore, measuring T 
with ± 0.05 °C sensitivity is feasible for thermocouple or thermistor measurements. 
SHB calculations made with consistently overestimated λ resulted in overestimation of θI, 
and SHB calculations based on consistently underestimated λ resulted in underestimation of θI. 
Over/underestimations of SHB θI were largest in shallower soil layers due to the smaller λ than 
those in deeper soil layers, i.e., the ratios of imposed constant over/underestimated values to the 
original λ values were larger in the shallow soil layers (Table 2). Increasing the bias error (from 
0.1 to 0.2 W m-1 °C -1) gave results with larger RMSE. Overestimation of λ showed larger RMSE 
than underestimation of λ. For the same four depths, RMSE for 0.1 W m-1 °C -1 bias error and 10% 
random error in λ were 0.014, 0.010, 0.009, and 0.007 m3 m-3. These values were similar to the 
RMSE for no bias error and 20% random error in λ, which were 0.014, 0.011, 0.010, and 0.008 m3 
m-3. Since 20% random error in λ measurements is acceptable, 0.1 W m-1 °C -1 bias error may be 
acceptable when 10% accuracy of λ is achieved. However, constant bias error in λ should be less 
than 0.2 W m-1 °C -1. 
Based on the sensitivity analysis, we believe that the unreasonable θI in the field study 
were caused by inaccurate conductive heat flux calculations (Eq. [5]), themselves caused by errors 
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in λ. The errors in λ likely result from partial melting of soil ice by the HP. This result is consistent 
with Kojima et al. (2013), who reported that conductive heat flux was much larger than the other 
heat transfer processes such as convective and latent heat transfer associated with liquid water and 
vapor flow, and errors in conductive heat flux calculation cause large errors in θI estimations. 
Errors in θI estimations in the field study were larger than the errors in the sensitivity analysis. It 
may be because the errors in field measured λ were larger than the errors in the λ values used in 
the sensitivity analysis, i.e., λ values from the field study had more than 20% error. Also, while the 
sensitivity analysis showed smaller errors in θI at deeper depths, the field study showed larger 
unreasonable θI at deeper depths. This may be because errors in λ were relatively large in deeper 
soil layers. The temperature of soil deeper than 51 mm did not become colder than -2 °C. As a 
result, λ of partially frozen soils at depths below 51 mm were all estimated by extrapolations from 
unfrozen soil λ. The λ values for soil shallower than 51 mm could be estimated by interpolated 
from unfrozen soil λ and partially frozen soil λ (< -2 °C). In general, interpolation provides more 
accurate estimations than does extrapolation, thus, soil below 51 mm probably had larger λ errors 
than did the shallow soil.  
To improve θI estimates with the SHB method, improving the determination of λ in 
partially frozen soil is necessary. In this study, the HP-estimated λ of partially frozen soil, i.e., 8 
hours interval for HP measurement and interpolation, and use of Eq. [1] with interpolations of λ 
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when temperature is between -2 °C and 0 °C, did not provide very accurate values of λ. An eight 
hour interval might be too long, and it can be shortened to an hour, even though the cumulative 
effect of such frequent HP measurements (differential thawing or thermally-driven flow of liquid 
water and vapor in the close vicinity of the heating needle) on thermal properties determination is 
unknown. The effective use of the pulsed infinite line source solution (Eq. [1]) is limited to 
unfrozen soils and soils colder than -2 °C. There is a large need for development of an application 
for determining actual thermal properties that takes into account soil water freezing and thawing. 
 
Conclusion 
In order to test and evaluate the feasibility of the SHB method to determine θI, a field 
experiment and a sensitivity analysis were performed. Field application of the SHB method was 
challenging because of the difficulty in determining thermal properties accurately in partially 
frozen soils. Values of θI estimated with the SHB method based on field measurements were not 
always physically reasonable. Based on the sensitivity analysis, λ and time step size were the key 
factors most likely to contribute to errors and instability in SHB calculations, while T and C 
showed less influence. Using 15-min instead of 60-min time steps improved agreement between 
SHB θI and SHAW θI. Thus, shorter temperature measurement time steps may improve θI 
determination with the SHB method. Within 20 % accuracy in λ measurements and 0.050°C 
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accuracy in T measurements are required in order to obtain reasonable determination of θI with a 
15-min time step. Errors in C can be as large as ±50%. Constantly over/underestimated λ can also 
cause errors in θI determination with the SHB method, and 0.1 W m-1 °C-1 over/underestimations 
may be acceptable. Using results from our sensitivity analysis, we can assert that the main reasons 
that the SHB method did not accurately estimate field values of θI were the long time intervals 
between measurements, and the limited accuracy of in situ λ values. Thus, future field experiments 
using the SHB method to determine soil freezing and thawing should use shorter time intervals 
between measurements, and must focus on improving the accuracy of λ measurements. 
Temperature measurements can be performed at 15-min intervals, and intervals between HP 
measurements may be reduced from 8 h to 1 h. Overall, the SHB method shows potential for 
application to freezing conditions if thermal properties can be measured accurately. 
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Table 1. The root mean square deviation (RMSE) between SHAW model based θI and SHB method 
based θI with each imposed set of random errors for the 12-24, 36-48, 60-72, and 84-96 mm soil 
layers.  
 time step, min 
 15 60 
soil 
layer, 
mm 
error in λ, % 
±0 ±5 ±10 ±20 ±0 ±5 ±10 ±20 
 RMSE in θI, m3 m-3 
12-24 0.004 0.005 0.008 0.014 0.008 0.010 0.016 0.028 
36-48 0.003  0.004  0.006  0.011  0.009  0.011  0.015  0.023  
60-72 0.002  0.004  0.006  0.010  0.007  0.009  0.012  0.021  
84-96 0.003  0.003  0.005  0.008  0.005  0.006  0.009  0.016  
 
error in C, % 
±0 ±10 ±25 ±50 ±0 ±10 ±25 ±50 
 RMSE in θI, m3 m-3 
12-24 0.004 0.004 0.004 0.005 0.008 0.008 0.008 0.008 
36-48 0.003  0.003  0.003  0.003  0.009  0.009  0.009  0.010  
60-72 0.002  0.003  0.003  0.003  0.007  0.007  0.007  0.007  
84-96 0.003  0.003  0.003  0.003  0.005  0.005  0.005  0.005  
 
error in T, °C 
±0.00 ±0.02 ±0.05 ±0.10 ±0.00 ±0.02 ±0.05 ±010 
 RMSE in θI, m3 m-3 
12-24 0.004 0.005 0.009 0.016 0.008 0.010 0.018 0.033 
36-48 0.003  0.004  0.009  0.016  0.009  0.012  0.019  0.035  
60-72 0.002  0.004  0.010  0.018  0.007  0.010  0.019  0.037  
84-96 0.003  0.005  0.009  0.016  0.005  0.009  0.017  0.034  
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Table 2. The root mean square deviation (RMSE) between SHAW model based θI and SHB method 
based θI with imposed sets of random errors and bias errors for the 12-24, 36-48, 60-72, and 84-
96 mm soil layers. 
 
time step, min 
15 60 
soil 
layer, 
mm 
bias in λ, W m-1 °C-1 
-0.2 -0.1 +0.1 +0.2 -0.2 -0.1 +0.1 +0.2 
0% error in λ 
 RMSE in θI, m3 m-3 
12-24 0.019 0.010 0.012 0.022 0.021  0.012  0.014  0.023  
36-48 0.015 0.007 0.009 0.016 0.014  0.009  0.015  0.022  
60-72 0.014 0.007 0.008 0.015 0.013  0.007  0.012  0.018  
84-96 0.010 0.005 0.006 0.011 0.010  0.006  0.008  0.012  
 5% error in λ 
 RMSE in θI, m3 m-3 
12-24 0.019  0.010  0.012  0.022  0.022  0.014  0.015  0.024  
36-48 0.015  0.008  0.009  0.017  0.015  0.010  0.016  0.022  
60-72 0.014  0.007  0.008  0.015  0.013  0.009  0.013  0.019  
84-96 0.010  0.005  0.007  0.011  0.011  0.007  0.009  0.013  
 10% error in λ 
 RMSE in θI, m3 m-3 
12-24 0.020  0.012  0.014  0.022  0.024  0.019  0.020  0.026  
36-48 0.016  0.009  0.010  0.017  0.018  0.014  0.018  0.025  
60-72 0.014  0.008  0.009  0.015  0.016  0.012  0.016  0.021  
84-96 0.010  0.006  0.007  0.012  0.012  0.010  0.011  0.014  
 20% error in λ 
 RMSE in θI, m3 m-3 
12-24 0.023  0.016  0.017  0.026  0.034 0.030 0.030 0.035 
36-48 0.018  0.013  0.015  0.019  0.026 0.023 0.027 0.030 
60-72 0.016  0.011  0.012  0.017  0.023 0.021 0.022 0.027 
84-96 0.012  0.009  0.010  0.013  0.018 0.016 0.017 0.019 
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Fig. 1. Schematic showing how the three needles of a HP sensor are used by the SHB method to 
determine latent heat for vaporization or fusion of a specific soil layer i. Symbols denote depth 
(z), temperature (T), thermal conductivity (λ), volumetric heat capacity (C), sensible heat flux 
(H), change in sensible heat storage (ΔS/Δt), latent heat for vaporization (Lv), latent heat for 
fusion (Lf), evaporation rate (E), and change in soil ice content (ΔθI/Δt). The subscripts u and l 
represent upper and lower boundaries, respectively. 
 
 
 
 
 
Fig. 2. Sensor arrangement for the field study. Gray boxes are thermo-TDR sensors and a 9 needle 
HP sensor, and white boxes are TDR sensors. Red circles indicate needles with heater wires. The 
broken lines are the boundaries between soil layers within which the SHB method was applied. 
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Fig. 3. Field study results: (a) Temperatures measured in the air and at soil depths of 15, 39, 63, 
and 87 mm. (b) In situ soil liquid water contents for the 9-21, 33-45, 57-69, and 81-93 mm soil 
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layers determined by TDR sensors. The bars represent precipitation. (c) Thermal conductivities 
determined by HP sensors at depths of 9, 33, 57, and 81 mm. Unreasonably high thermal 
conductivities, artifacts of heat-pulse induced ice melting, were eliminated and replaced by 
interpolations between viable measurements. (d) Soil ice contents for the 9-21, 33-45, 57-69, and 
81-93 mm soil layers estimated with the SHB method. 
 
 
 
 
 
 
 
 
Fig. 4. Comparison between SHAW-modeled ice content and SHB-based ice content in the absence 
of imposed errors. 
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Fig. 5. Ice contents in the 12-24 mm layer as estimated by the SHB method, with random errors in 
thermal conductivity. Gray areas show 95 % confidence intervals. Red broken lines show averages 
of 100 realizations. 
 
Fig. 6. Ice contents in the 12-24 mm layer as estimated by the SHB method, with random errors in 
heat capacity. Gray areas show 95 % confidence intervals. Red broken lines show averages of 100 
realizations. 
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Fig. 7. Ice contents in the 12-24 mm layer as estimated by the SHB method, with random errors in 
temperature. Gray areas show 95 % confidence intervals. Red broken lines show averages of 100 
realizations. 
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CHAPTER 4. SENSITIVITY ANALYSIS OF SOIL THERMAL PROPERTY 
MEASUREMENTS WITH HEAT PULSE PROBES IN PARTIALLY FROZEN SOILS 
A paper to be submitted to Soil Science Society of America Journal 
Abstract 
Quantifying soil thermal properties of partially frozen soils is fundamental to the 
understanding of soil freezing and thawing. Determining thermal properties with a heat pulse probe 
(HPP) in partially frozen soils has challenges because an applied heat pulse melts soil ice as it 
heats the soil. Because the pulsed infinite line source solution used to analyze HPP temperature 
changes only accounts for heat conduction, the thermal properties are inaccurate when applied to 
partially frozen soils. An attempt to determine volumetric heat capacity by accounting for heat 
conduction and soil freezing and thawing did not offer accurate determinations at temperatures 
between -4°C and 0°C. The reason for the error is not clear, and there is a need to improve 
understanding and analysis of HPP temperature changes in partially frozen soils. The objective of 
this study is to determine the sensitivity of HPP temperature changes to soil conditions and soil 
thermal properties. A numerical solution for radial heat conduction with soil freezing and thawing 
was developed. A series of simulations were performed in which a selected model parameter was 
varied while other model parameters were held constant at fixed values. Thus, the sensitivity of 
HPP temperature change to each model parameter was determined. The sensitivity analysis reveals 
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that the temperature change is sensitive to initial soil temperature, soil thermal conductivity, and 
shape of the soil freezing characteristic. Temperature change is not very sensitive to soil total water 
content and soil volumetric heat capacity. Early investigation tried to determine soil volumetric 
heat capacity by inverse analysis. The sensitivity analysis shows that soil volumetric heat capacity 
is masked by the freezing characteristic. This sensitivity analysis suggests that soil thermal 
conductivity and soil freezing characteristics are the best candidate parameters for determination 
by inverse analysis with the model. This information will guide further testing of HPP in partially 
frozen soils. 
 
Introduction 
Soil freezing and thawing impacts soil hydrology. Soil freezing and thawing involves 
coupled heat and water transfer, therefore, it is important to understand heat transfer in partially 
frozen soils for modeling, predicting, and interpreting winter hydraulic processes in soils. 
Quantifying soil thermal conductivity and volumetric heat capacity is fundamental to the 
understanding of soil heat transfer. Thermal conductivity and volumetric heat capacity of partially 
frozen soils are functions of water content and temperature. Soil thermal conductivity usually 
increases when a soil freezes (Penner, 1970), because thermal conductivity of ice is approximately 
four times larger than that of liquid water, 2.17 versus 0.57 W m-1 °C-1 (de Vries, 1963). Some 
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studies, however, have reported that thermal conductivity of relatively dry coarse soils decreases 
when it freezes, possibly due to ice formation breaking the water bridges formed between soil 
particles (Penner et al., 1975; Inaba, 1983). Because the volumetric heat capacity of ice is 
approximately half of that of liquid water, 1.88 versus 4.18 MJ m-3 °C-1 (de Vries, 1963), soil 
volumetric heat capacity of a freezing soil decreases as temperature decreases (Wolfe and Thieme, 
1964; Haynes et al., 1980). 
Steady-state methods (Kersten, 1949; Côté and Konrad, 2005) and a transient method 
(Penner, 1970: Penner et al., 1975; Inaba, 1983) have been used to determine thermal conductivity 
of partially frozen soil. The steady-state method determines thermal conductivity by making a 
small uniform thermal gradient and constant heat flux through partially frozen soils. By knowing 
the heat flux and the temperature at multiple points, thermal conductivity can be calculated with 
the Fourier equation. The steady-state method is limited for use in the laboratory. Penner (1970) 
used a heater and a thermocouple embedded in a stainless steel probe to determine thermal 
conductivity by producing a transient temperature change in partially frozen soils and analyzing 
the temperature change with an analytical solution for radial heat conduction. Measured thermal 
conductivities at temperature below -2°C were consistent with those estimated with the de Vries 
(1963) thermal conductivity model, but the method did not provide accurate measurements at 
temperatures between -2°C and 0°C. Goodrich (1986) performed in situ measurements of seasonal 
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thermal conductivity changes with a single heat probe. Volumetric heat capacities (or alternatively 
specific heat) of partially frozen soils have been determined by a calorimetric method (Williams, 
1964; Hynes et al., 1980; Inaba, 1983). The use of the calorimetric method is limited for use in the 
laboratory. Soil volumetric heat capacity can be estimated accurately by knowing volume fraction 
and volumetric heat capacity of each soil constituent and summing their products (de Vries, 1963). 
Campbell et al. (1991) developed a multi-needle heat pulse probe (HPP) method for 
determining soil volumetric heat capacity, and Bristow et al. (1994) used the multi-needle HPP to 
determine thermal conductivity, and volumetric heat capacity of unfrozen soils simultaneously. 
Several researchers have used the method to measure thermal properties (e.g., Bilskie et al., 1998; 
Ochsner et al., 2001; Ren et al., 2003; Heitman et al., 2008a, 2008b; Xiao et al., 2011). The HPP 
determines thermal conductivity and volumetric heat capacity by analyzing heat pulse induced 
temperature changes at a temperature measurement needle, which is a known distance from the 
heater needle. Generally an analytical solution, i.e., pulsed infinite line source solution (Bristow et 
al., 1994), is used to analyze the temperature change with time data. The pulsed infinite line source 
solution only accounts for conductive heat transfer, and it does not include latent heat associated 
with change of phase. The use of HPP in partially frozen soils has some limitations because a heat 
pulse applied at the heater needle melts ice in a partially frozen soil as soil temperature increases. 
The ice melting violates the assumption of the pulsed infinite line source solution that there is no 
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phase change of water. Ochsner and Baker (2008) reported that soil thermal conductivity and 
volumetric heat capacity are both overestimated because of the violation. Overestimations of soil 
thermal conductivity mainly occur at temperatures between -2°C and 0°C (Ochsner and Baker, 
2008; Watanabe et al., 2011). Putokonen (2003) reported that volumetric heat capacity is 
overestimated in the temperature range between -10°C and 0°C. Liu and Si (2010) estimated ice 
contents of partially frozen soil based on volumetric heat capacity determined with the HPP. They 
found that ice content was overestimated when soil temperature was larger than -18°C, which 
meant that volumetric heat capacity was overestimated at temperatures larger than -18°C. The 
temperature range over which the overestimations occur may depend on soil texture, applied heat 
intensity, and heating duration. To avoid the overestimations, it is necessary to implement a heat 
transfer model that accounts for both conductive heat transfer and latent heat due to water phase 
change (melting and re-freezing) for analyzing the temperature changes at the measurement needle. 
Zhang et al. (2011) analyzed the temperature changes with a numerical solution that accounted for 
conductive heat transfer and water phase changes. They estimated ice contents in partially frozen 
soils from the volumetric heat capacity at which the temperature change calculated with the 
numerical solution showed the best fit with the HPP temperature change. They found that ice 
content was estimated accurately when soil temperature was lower than -4°C, but ice content 
estimations had large errors when temperatures were between -4°C and 0°C. It is unclear why their 
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method did not accurately estimate ice contents, even though it considered water phase changes. 
In order to discover the reason for poor model performance, a sensitivity analysis is needed to 
evaluate which model parameters strongly impact soil temperature changes when HPP 
measurements are made in partially frozen soils. 
Therefore, the objective of this study is to determine the sensitivity of HPP temperature 
changes to soil thermal properties. The sensitivity analysis will be performed with a numerical 
solution for radial heat conduction with water freezing and thawing. 
 
Methods and Materials 
Radial heat conduction with water phase changes is described as 
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where C is soil volumetric heat capacity (J m-3 °C-1), T is soil temperature (°C), t is time (s), ρI is 
density of ice (kg m-3), Lf is latent heat for fusion (J kg
-1), θI is volumetric ice content (m3 m-3), r 
is radial distance from the center (m), and λ is soil thermal conductivity (W m-1 °C-1). Equation [1] 
was solved with a finite difference method (Implicit Crank-Nicolson scheme). Figure 1 shows a 
diagram of the discretized areas and nodes representing each area. The radial heat conduction is 
two dimensional, however, it can be treated as one dimensional radial heat conduction by assuming 
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homogenous thermal properties and temperature for each targeted area in Fig. 1. A discretized 
form of Eq. [1] for the numerical solution is described as (Patanker, 1980) 
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where ΔA is area of the control area which is equal to (ri+ri-1)πΔr (m2), subscript i represents the 
discretized area number. The first and the second terms on the left side of Eq. [2] express sensible 
heat storage and latent heat sink/source. When the soil is unfrozen, the second term is equal to zero. 
On the right side of the equation, the first and the second terms show conductive heat fluxes at the 
boundaries. To determine ice content θI, total soil water content θT and soil freezing characteristic 
(FC), which is the relationship between liquid water content θL (m3 m-3) and temperature T (°C) of 
partially frozen soil, are required. The similarity of freezing characteristic and water characteristic 
has been reported (e.g., Spaans and Baker, 1996). By subtracting θL, determined by T and FC, from 
θT, θI can be determined. Thus, ΔθI/Δt is determined by T at two consecutive time steps. The van 
Genuchten (1980) model for water retention curve was revised to describe freezing characteristic: 
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where θs and θr are saturated water content (m3 m-3) and residual water content (m3 m-3), α and n 
are empirical parameters. The center node is assumed to be the presence of the heater needle, which 
is 1.27 mm in diameter, and the heater needle is assumed to be a perfect heat conductor, i.e., needle 
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thermal conductivity is infinite. Volumetric heat capacity of the heater needle, 2.84 MJ m-3 °C-1, is 
taken from Knight et al. (2012). Node spacing is 0.28 mm and calculations are performed between 
r=0 mm and r =166 mm. An initial time step of 0.1s is used, but the time step is cut in half if 
convergence is not obtained. Boundary conditions are set as a heat production in the center node 
and constant temperature at r =166 mm. The heat production at the center node Q (W m-1) is 
described as 
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where q’ is heat flux applied at the heater needle (W m-1), and t0 is heating duration (s). Heat flux 
q’ and heating duration t0 are set at 12 W m-1 and 30 s, respectively. The model (Eq. [3]) requires 
several input parameters, e.g., initial temperature Tini (°C), total water content θT, thermal 
conductivity λ, volumetric heat capacity C, and shape of freezing characteristic. In actual partially 
frozen soils, λ and C are not constant because heat input as the heater needle causes dynamic 
thawing and refreezing. However, the model assumes that λ and C are constant, i.e., the simulation 
accounts for ice melting/refreezing but not thermal property changes. Preliminary tests indicate 
that this is a relatively minor assumption for the small amount of melting that occurs during heating. 
Simulations are performed with a variety of Tini (-5, -4, -3, -2.5, -2, -1.75, -1.5, -1.25, -1, -0.75, -
0.5, and -0.25°C), θT (0.21, 0.26, 0.31, 0.36, 0.41, 0.46 m3 m-3), C (1.2, 1.5, 1.8, 2.1, and 2.4 MJ 
m-3 °C-1), λ (1.0, 1.3, 1.6, 1.9, 2.2 W m-1 °C-1), and five FC curves (Fig. 2) for the 240-second 
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simulation period. The FC curve A is a fitted curve with measured water retention curve values for 
Nicollet sandy clay loam (a fine-loamy, mixed, superactive, mesic Aquic Hapludoll). Matric 
potential of the water retention curve is converted to temperature with the Clausius-Clapayron 
equation (e.g., Fuchs et al., 1978). The FC curve B-D are made by changing parameters n and θr 
of curve A to express a variety of soil types (Table 1). The parameter n is increased by 0.1, and θr 
is determined for each FC curve to have the same θL (0.08 m3 m-3) at -20°C. Commonly 6 mm is 
used for spacing between the heater needle and the measurement needle (e.g., Ren et al., 2003; 
Ochsner and Baker, 2008). Therefore, the temperature change at a node 6 mm away from the center 
is assumed to be the measurement needle temperature change. Sensitivities of the measurement 
needle temperature changes to each input model parameter are evaluated by simulations with 
various values of one parameter while other model parameters are fixed as constants. 
 
Results and Discussion 
 Simulated measurement needle temperature changes at a node 6 mm away from the center 
(heater needle) for Tini = -1°C and 1°C are shown in Fig. 3 as examples. Model parameter values 
are the same for both simulation, θT=0.36 m3 m-3, C=1.8 MJ m-3 °C-1, λ=1.6 W m-1 °C-1, and FC=A. 
Thus, differences in temperature changes for the two Tini are due mainly to soil ice melting. The 
maximum temperature change at Tini= -1°C is smaller than that at Tini= 1°C, because some of the 
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applied heat is used to melt ice around the heater needle. The maximum temperatures, Tmax, at Tini= 
-1°C and at Tini= 1°C are 0.102°C and 0.526°C. The 0.424°C difference between the two Tmax 
values implies that ice melting has a significant impact on the measurement needle temperature 
rise in partially frozen soils. The time for the maximum temperatures, tmax, at Tini= -1°C is much 
later than the peak at Tini= 1°C, and also the peak at Tini= -1°C is more rounded than the peak at 
Tini= 1°C. The values for tmax at Tini= -1°C and at Tini= 1°C are 99.5 s and 34.3 s, and the difference 
between the tmax values is 65.2 s. Thus, the soil ice melting reduces Tmax and delays tmax. In unfrozen 
soil, the Tmax and tmax are mainly associated with volumetric heat capacity and thermal conductivity, 
respectively. However, the Tmax and tmax are not simply related to C and λ in partially frozen soils. 
When these reduced Tmax and delayed tmax are analyzed with the pulsed infinite line source solution 
that does not account for water phase changes, λ and C are overestimated (Ochsner and Baker, 
2008; Watanabe et al., 2010). Figure 4 shows the amount of heat applied to the system and how it 
partitions into sensible heat and latent heat for the case Tini= -1°C. A large portion of applied heat 
(82-89%) partitions into latent heat, i.e., most of the applied heat is used to melt soil ice rather than 
for increasing soil temperature. Partitioning of sensible to latent heat is an important factor strongly 
impacting soil temperature changes.  
 Simulated temperature changes at the measurement needle for various Tini <0°C with 
θT=0.36 m3 m-3, C=1.8 MJ m-3 °C-1, λ=1.6 W m-1 °C-1, and FC=A are shown in Fig. 5. The Tmax 
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values gradually decrease and the tmax delays as Tini increases. It is a result of different partitioning 
of applied heat at each Tini, i.e., significant fractions of heat are partitioned into latent heat at 
negative temperatures close to 0°C. Values of Tmax at Tini values at 0.25°C intervals from -2°C to 
0°C are 0.192°C, 0.172°C, 0.150°C, 0.126°C, 0.102°C, 0.076°C, 0.049°C, 0.019°C. The relatively 
small difference in Tini, 0.25°C, provides relatively large differences of 0.020°C-0.030°C in Tmax. 
The results show clearly that temperature changes at the measurement needle are very sensitive to 
Tini.  
The measurement needle temperatures at various θT with input parameters Tini= -1°C, 
C=1.8 MJ m-3 °C-1, λ=1.6 W m-1 °C-1, and FC=A are shown in Fig. 6. Temperature changes with 
different values of θT are similar. Only when θT is 0.16 m3 m-3, do both the Tmax and tmax (0.104°C 
and 85.3s) slightly differ from the other conditions (0.102°C and 98.4s in average). The difference 
occurs because the amount of ice melting is smaller at θT=0.16 m3 m-3 than at the other θT values, 
because there is only a small amount of ice at θT=0.16 m3 m-3 (<0.06 m3 m-3). The amounts of ice 
melting are similar at all of the θT values >0.21m3 m-3. The results indicate that the measurement 
needle temperature change is not sensitive to θT except for relatively dry soil conditions.  
Figures 7 and 8, respectively, show measurement needle temperature changes at various 
values of C (Tini= -1°C, θT=0.36 m3 m-3, λ=1.6 W m-1 °C-1, and FC=A) and at various values of λ 
(Tini= -1°C, θT=0.36 m3 m-3, C=1.8 MJ m-3 °C-1, and FC=A). The different C values result in quite 
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similar temperature changes at the measurement needle. The tmax ranges from 98 s to 102 s, and 
the Tmax ranges from 0.097°C to 0.107°C. The sensitivity of measurement needle temperature 
changes to change in C is relatively small. However, differences in λ present clear differences in 
tmax, but only small differnces in Tmax. The tmax values range from 75 s to 152 s, and the Tmax values 
range from 0.101°C to 0.102°C. Thus, the sensitivity of measurement needle temperature tmax to 
changes in λ is relatively large.  
Figure 9 shows the simulated measurement needle temperature changes for the different 
patterns of FC at Tini -1°C and -5°C. All of the other model input parameters are fixed, θT=0.36 m3 
m-3, C=1.8 MJ m-3 °C-1, and λ=1.6 W m-1 °C-1. At Tini -1°C, tmax values are quite similar, ranging 
from 99.5 s to 79.0 s. The Tmax values range between 0.101°C and 0.250°C. The results show that 
the different FC shapes provide for dynamic changes of Tmax compared to the other input 
parameters. The influence of FC on the measurement needle temperature change is similar to the 
influence of C in unfrozen soils. In partially frozen soil, FC is more dominant than C on affecting 
the measurement needle temperature change. Even at Tini -5°C, the effect of FC shapes on the 
measurement needle temperature changes is remarkable, with Tmax ranging from 0.343°C to 
0.506°C. Therefore, the sensitivity of measurement needle temperature Tmax to change in FC is 
relatively large.  
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 This sensitivity analysis reveals that certain model input parameters have relatively large 
influence on the measurement needle temperature change, while other parameters have relatively 
small impact. The measurement needle temperature changes are most sensitive to Tini, λ, and FC, 
and they are least sensitive to θT and C. Both tmax and Tmax are sensitive to Tini, only tmax is sensitive 
to λ, and only Tmax is sensitive to FC. Because high quality thermocouples and datalogging 
equipment enable accurate determination of Tini, its value can be fixed by measurements. Thus, the 
only two sensitive model parameters remaining are λ and FC. This information indicate that λ and 
FC rather than λ and C should be determined by inverse analysis with the model for partially frozen 
soils at temperatures close to 0°C,  
Because the measurement needle Tmax is more sensitive to FC than to C, it may be 
impossible to determine C with the HPP method at temperatures between -2°C to 0°C. A small 
variation in FC can mask the influence of C on Tmax. A probable reason that the Zhang et al. (2011) 
model inaccurately estimated C at temperatures between -4 and 0°C is that the FC was not 
approximated accurately. Thus, the influences of C on Tmax are masked by errors in FC. In the 
Zhang et al. (2011) model, FC is approximated by two linear functions. One line expresses the 
steep decrease of liquid water content due to freezing at temperatures between -1°C and 0°C, and 
the other line expresses the constant liquid water content at temperatures less than -1°C. Actual 
soil FC does not follow this approximation, i.e., the steep decrease in liquid water content is not 
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linear, and the liquid water content is not constant at temperatures below -1°C. Knowing very 
accurate FC may enable the determination of C with HPP. Otherwise, C should be determined or 
estimated independently with an alternative method or model. 
 
Conclusion 
The aim of this study is to determine the sensitivity of HPP measurement needle 
temperature changes in partially frozen soils to corresponding soil conditions and properties, such 
as Tini, θT, C, λ, and FC shape. A numerical solution for radial heat conduction with water phase is 
developed, and parameter sensitivity analysis with the model is performed. The sensitivity analysis 
reveals that for initial temperatures between -2°C and 0°C, the temperature change at the 
measurement needle is sensitive to Tini, λ, and shape of FC, but not to θT and C. Because Tmax is 
more sensitive to FC than to C, it may be impossible to accurately determine C with HPP at 
temperatures between -2°C and 0°C. For partially frozen soils at temperatures between -2°C and 
0°C, λ and FC may be determined by inverse analysis with the model. This sensitivity analysis 
will guide future studies for further testing of HPP in partially frozen soils. 
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Table 1. Empirical parameters for freezing characteristic curve (Eq. [3]). 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Discretized areas and nodes. Symbols denote distance from center (r), thermal 
conductivity of the boundaries (λ), temperature at each node (T), distance between boundaries (Δr), 
and distance between nodes δr. The subscript i represents order of nodes. 
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Fig. 2. Freezing characteristics represented with the van Genuchten (1980) model (Eq. [3]).  
 
 
Fig. 3. Simulated temperature change at measurement needle at initial temperatures 1°C and -
1°C with other input parameters remaining the same (θT=0.36 m3 m-3, C=1.8 MJ m-3 °C-1, λ=1.6 
W m-1 °C-1, and FC=A). 
  
0
0.1
0.2
0.3
0.4
0.5
0.6
0.00001 0.001 0.1 10
Li
q
u
id
 w
at
er
 c
o
n
te
n
t 
(m
3
m
-3
)
Negative temperature (-ºC)
A
B
C
D
E
0
0.1
0.2
0.3
0.4
0.5
0.6
0 60 120 180 240
Te
m
p
er
at
u
re
 c
h
an
ge
 (
°C
)
Elapsed time (s)
1°C
-1°C
96 
 
 
Fig. 4. Simulated partitioning of applied heat into sensible and latent heat within the system for 
Tini= -1°C, θT=0.36 m3 m-3, C=1.8 MJ m-3 °C-1, λ=1.6 W m-1 °C-1, and FC=A. 
 
 
 
 
Fig. 5. Simulated temperature changes for various temperatures Tini while other model input 
parameters have fixed values (θT=0.36 m3 m-3, C=1.8 MJ m-3 °C-1, λ=1.6 W m-1 °C-1, and FC=A). 
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Fig. 6. Simulated temperature changes for various total water content θT while other model input 
parameters have fixed values (Tini=-1°C, C=1.8 MJ m
-3 °C-1, λ=1.6 W m-1 °C-1, and FC=A). 
 
 
 
Fig. 7. Simulated temperature changes for various volumetric heat capacity C while other model 
input parameters have fixed values (Tini=-1°C, θT=0.36 m3 m-3, λ=1.6 W m-1 °C-1, and FC=A). 
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Fig. 8. Simulated temperature changes for various thermal conductivity λ while other model 
input parameters have fixed values (Tini=-1°C, θT=0.36 m3 m-3, C=1.8 MJ m-3 °C-1, and FC=A). 
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Fig. 9. Simulated temperature changes for various freezing characteristics while other model 
input parameters have fixed values (a) Tini=-1°C, θT=0.36 m3 m-3, C=1.8 MJ m-3 °C-1, and λ=1.6 
W m-1 °C-1, and (b) Tini=-5°C, θT=0.36 m3 m-3, C=1.8 MJ m-3 °C-1, and λ=1.6 W m-1 °C-1. 
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CHAPTER 5. SENSIBLE HEAT BALANCE ESTIMATES OF TRANSIENT SOIL ICE 
CONTENTS FOR FREEZING AND THAWING CONDITIONS 
A paper to be submitted to Vadose Zone Journal 
Abstract 
Soil ice content is an important component for winter soil hydrology. The sensible heat 
balance (SHB) method using measurements from heat pulse probes (HPP) is a possible way to 
determine transient soil ice content. In a previous study, in situ soil ice contents estimates with the 
SHB method were inaccurate, due to thermal conductivity errors and the use of relatively long 
time steps for calculations. The objective of this study is to examine the SHB method for ice 
content determination with improved values of thermal conductivity and shorter time steps for 
calculations. A soil freezing and thawing experiment was performed with soil columns and heat 
exchangers. Transient soil ice contents in the soil columns during soil freezing and thawing were 
determined with the SHB method. The SHB method was able to determine dynamic changes in 
soil ice contents during initial freezing and final thawing for soil temperatures between -3°C and 
0°C when latent heat values were relatively large. During extended freezing periods, when soil 
temperatures were below -3°C, the small latent heat fluxes were below the sensitivity of the SHB 
method. However, the ice contents during the extended freezing period could be estimated from 
changes in volumetric heat capacity (C) determined with HPP. Thus, combining the SHB method 
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when soil temperature was between -3°C and 0°C for initial freezing and final thawing, with a 
change in C method when soil temperature was below -3°C for extended freezing periods, allowed 
determination of dynamic soil ice contents for the entire range of freezing and thawing events. 
 
Introduction 
Soil ice content is an important component of the vadose zone winter hydrological cycle. 
Water permeability of partially frozen soils is controlled in part by the amount of ice filling the 
pores (Andersland et al., 1996), and infiltration rate is significantly reduced when soil ice content 
is high (McCauely et al., 2002; Watanabe et al., 2013). The amount of soil ice influences soil 
thermal conductivity, i.e., partially frozen soils with large ice contents have relatively large thermal 
conductivity (Penner et al., 1975). Frost penetration depth and rate of freezing front advance are 
impacted by increasing ice content in part related to increasing thermal conductivity (Rahnama 
Yami et al., 2012). Ice content in soils is not constant during freezing periods. The possibility of 
liquid water flow from unfrozen layers may cause accumulation of ice around the freezing front 
(Dirksen and Miller, 1966). Thermally driven liquid water flow in partially frozen soil changes 
soil ice content (Hoekstra, 1966). Surface sublimation, and rainfall and snowmelt water that 
infiltrates and refreezes in the subsurface can also influence soil ice content (Hagedorn et al., 2007; 
Stähli et al., 1999).  
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Despite its importance, field soil ice content dynamics are difficult to measure. The most 
commonly used method to determine in-situ soil ice content is the combination of time domain 
reflectometry (TDR) and neutron moderation (Hayhoe and Bailey, 1985; Stähli et al., 1999; 
Kahimba and Sri Ranjan, 2007; Yi et al., 2014). Dielectric permittivity measured with TDR 
enables an estimate of liquid water content in partially frozen soils with a minor overestimation 
due to the presence of ice (e.g., Smith and Tice, 1988; Spaans and Baker, 1995; Watanabe and 
Wake, 2009). Because the neutron moderation method can determine total water content (liquid 
water plus ice) of partially frozen soils, soil ice content can be determined by subtracting liquid 
water content determined with TDR from the total water content determined with the neutron 
moderation. The weakness of this combination of TDR and neutron moderation is that each sensor 
has different effective sampling volume, and the sensors require different sampling location to 
avoid interfering with one another. There are several studies to determine ice content of partially 
frozen soil based on soil volumetric heat capacity measurement with heat pulse probes (HPP) 
(Watanabe et al., 2010; Liu and Si, 2011; Zhang et al., 2011) which can overcome the sampling 
size and location issue. The method does not work well at temperatures near the melting point 
because a heat application by the HPP can melt soil ice, which makes it difficult to analyze the 
measurements for soil thermal properties. Zhang et al. (2011) reported that the method works well 
with sand at temperatures below -4°C, and Watanabe et al. (2010) reported that the method can 
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perform at temperatures below -2°C with a correction of heat capacity measured with HPP based 
on soil freezing characteristics. Therefore, there exists a need for a method to determine in-situ ice 
content at temperatures between -2°C and 0°C, at which small changes in temperature can cause 
large changes in soil ice contents. 
Kojima et al. (2013) suggested the sensible heat balance (SHB) method as a possible way 
to determine transient soil ice content. The SHB method relies on a sequence of HPPs with depth 
to determine soil ice content with depth. The SHB method was originally developed by Heitman 
et al., (2008a, 2008b) to quantify subsurface evaporation. Because the SHB method can estimate 
latent heat flux in soil, evaporation rates can be determined when soil temperature is larger than 
0°C. The applicability of the SHB method for evaporation has been evaluated by a model study 
(Sakai et al., 2011), laboratory studies (Deol et al., 2012; Trautz et al., 2013), and field studies 
(Xiao et al., 2011, 2014; Zhang et al., 2012; Deol et al., 2014). The latent heat fluxes in soils are 
mainly related to soil freezing and thawing when soil temperature is below 0°C. If the SHB method 
can be accurately deployed in partially frozen soil, it can be used to measure changes in soil ice 
content. Kojima et al. (2013) performed a model study and reported that the SHB method can 
determine soil ice contents in concept. Kojima et al. (2014) examined the SHB method in a winter 
field study, but the soil ice contents estimated with the SHB method were inaccurate. A sensitivity 
analysis showed that soil thermal conductivity and time steps for the SHB calculations are 
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important to accurately determine soil ice content. Therefore, the objective of this study is to 
examine the SHB method for ice content determination with i) fine resolution temperature sensor 
for HPP to improve thermal conductivity accuracy, and ii) using short time step for calculations. 
 
Theory 
The HPP determines soil thermal conductivity λ (W m-1 °C-1) and volumetric heat capacity 
C (J m-3 °C-1) by analyzing temperature changes at a HPP sensing needle responding to a heat 
pulse applied from a parallel heater needle (Bristow et al., 1994). Temperature changes at the 
sensing needle can be modeled as (de Vries, 1952; Kluitenberg et al., 1995) 
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where ΔT is change in sensing needle temperature (°C) at elapsed time t (s) and radial distance r 
(m) from the heater needle, q is heating rate applied at the heater needle (W m-1), t0 is heating 
duration (s), and Ei is exponential integral. By fitting Eq. [1] with the observed temperature at the 
sensing needle, λ and C can be determined. When a HPP is used in partially frozen soil, especially 
at temperatures between -2°C and 0°C, the heat input induces melting of soil ice and refreezing, 
i.e., latent heat source and sink. Studies have reported that the use of Eq. [1] is limited to 
temperatures less than -2°C for determination of λ (Ochsner and Baker, 2008; Watanabe et al., 
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2010) and less than -10 °C for determination of C (Putkonen, 2003). Because the temperature range 
for λ is small (between -2°C and 0°C), thermal conductivity over this temperature range can be 
estimated by data interpolation. In the case of C, an equation based on volume ratio and volumetric 
heat capacity of soil constituents (de Vries, 1963) can estimate C accurately: 
IILLsb θθρ CCcC         [2] 
where ρb is bulk density (kg m-3), cs is specific heat of soil solid (J kg-1 °C-1), θL and θI are volume 
fractions of liquid water and of ice (m3 m-3), and CL and CI are volumetric heat capacities of liquid 
water and of ice (J m-3 °C-1), respectively.  
 For the SHB of a soil layer, i.e., sensible (conductive) heat fluxes H (W m-2), a change in 
sensible heat storage ΔS/Δt (W m-2) can be determined with HPP (Fig. 1) (Heitman et al., 2008a, 
2008b). Conductive heat fluxes at upper boundary Hu and lower boundary Hl are described by 
Fourier’s law: 
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where zi is the depth at the ith location (m), and subscripts u and l represent upper and lower 
boundaries. A change in sensible heat storage ΔS/Δt is written as  
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where ΔTi/Δt is change in temperature of the ith soil layer (°C s-1), and Δz is thickness of the soil 
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layer (m). Water phase changes may involve relatively large amounts of latent heat. A SHB of a 
soil layer reveals the amount of latent heat for evaporation/condensation or for freezing and 
thawing: 
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where Lv and Lf are volumetric latent heats for water vaporization and water freezing (J m
-3), Ei is 
evaporation rate from the soil layer (m s-1), ΔθI,i/Δt is change in soil ice content (m s-1). When soil 
temperature is larger than 0°C, the latent heat term (the right side of Eq. [5]) is associated with soil 
water evaporation or condensation and, thus, Ei can be determined by dividing the latent heat term 
by Lv. When soil temperature is lower than 0°C, the latent heat term is associated with soil freezing 
and thawing and, thus, ΔθI,i/Δt can be determined by dividing the latent heat term by Lf.  
Several assumptions are necessary to apply the SHB equation (eq. [5]) to a soil layer. One 
assumption is that Eq. [5] does not consider heat transfer due to liquid water and vapor transfer in 
soils. Heat transfer due to fluid flow was found to be negligible for soil water evaporation (Sakai 
et al., 2011) and for soil freezing and thawing (Kojima et al., 2013). Another assumption is that 
Eq. [5] assumes that evaporation and condensation are negligible when the soil temperature is 
lower than 0°C.  Kojima et al. (2013) reported that the evaporation and condensation during soil   
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freezing and thawing events are significant only in the 0-12 mm soil layer and evaporation and 
condensation were negligible at depths below 12mm. 
Some previous studies used the SHB method to determine soil water evaporation rates for 
6-mm thick soil layers, which matches the HPP needle spacing (e.g., Heitman, et al., 2008a. 2008b, 
Xiao et al., 2011). Soil layer thickness can be larger than HPP needle spacing as long as T, λ, and 
C determined with HPP are available for Eq. [3] and [4]. For example, Kojima et al. (2014) used 
12 mm for soil layer thickness which was double the HPP needle spacing. 
 
Materials and Methods 
Figure 2 (a) depicts an instrumented soil column. Hanlon sand (coarse-loamy, mixed, 
superactive, mesic Cumulic Hapludolls) and Ida silt loam (fine-silty, mixed, superactive, 
calcareous, mesic Typic Udorthents) were packed into 0.3 m long PVC columns (0.09 m inner 
diameter) with water content 0.13 and 028 m3 m-3, and bulk density 1,600 and 1,200 kg m-3, 
respectively. The mineral fraction of Hanlon sand contains 92% sand, 7% silt, 1% clay, and Hanlon 
sand has 0.6% organic matter. The mineral fraction of Ida silt loam contains 2% sand, 73% silt, 
and 25% clay, and Ida silt loam has 4.4% organic matter. Sixteen thermo-TDR probes were inserted 
through the side wall of Hanlon sand and Ida silt loam soil columns (Fig. 2 (b)). Thermo-TDR 
probes combine the functions of HPP and TDR probes (Ren et al., 1999). Each thermo-TDR probe 
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has three 40-mm-long needles spaced 6 mm apart each with an embedded thermistor temperature 
sensor (2K7MCD1, Measurement Specialties, Shrewsbury, MA). The center needle also had an 
embedded heater wire. The needles of each probe were positioned at different depths vertically. 
Center needles (heater needle) of each probe were located at 12, 24, 36, 48, 60, 72, 84, 96, 108, 
120, 132, 144, 156, 168, 180, and 192 mm depths. Thermistor temperature sensors were chosen to 
be embedded into thermo-TDR probes because they had better resolution of temperature 
measurement than thermocouples, which is favorable for HPP function. However, the thermistor 
drift may cause degradation of accuracy of the temperature measurement (Ochsner and Baker, 
2008), thus, type E thermocouples were inserted in the sand and silt loam columns to measure 
temperature gradients required for Eq. [3]. Thermocouples were located at 1.2 cm intervals 
between depths of 0.6 cm and 29.4 cm. Thermocouples were also inserted in the soil columns at 
depths of 0 cm and 30 cm. The 0.09 m diameter PVC columns were placed inside of 0.20 m 
diameter PVC columns, hereafter, referred to as inner column and outer column. The space 
between inner and outer columns was filled with air-dry sand. The sand acted as an insulation to 
help maintain one-dimensional heat flow in the inner column (Zhou et al., 2006). Duplicate Hanlon 
sand and Ida silt loam columns were made without installation of thermo-TDR and outer columns, 
i.e., only inner column with thermocouple installation. Therefore, 4 columns were used in this 
study. Additional insulation was placed around the outside of all 4 columns. Upper and lower 
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surfaces of the soil columns were attached to copper plates of heat exchangers. The heat 
exchangers had spiral fluid circulation paths on the inside, and soil columns boundary temperatures 
were controlled by water circulation from temperature controlled water baths (Programmable 
Digital Circulator, Model 9512, PolyScience, Niles, IL). A water and ethylene glycol (1:1 in 
volume basis) mixture was used in the water bath to allow for the temperature to drop below 0°C. 
The upper boundary heat exchangers for the four soil columns were connected in series to a water 
bath, and the four lower boundary heat exchangers were connected in series to another water bath. 
Water bath temperatures are shown in Fig. 3. The water bath temperature for the upper boundary 
was initially 5°C, and then it was decreased to -15°C gradually within 24 hours to cause soil 
freezing. After 6 days of -15°C, the temperature was increased to 5°C within 24 hours to cause soil 
thawing. The water bath temperature for the lower boundary was maintained at 5°C throughout 
the study period. The experiment was performed in a constant temperature room at 5°C. The two 
non-instrumented soil columns were removed from the water bath temperature control system on 
day 6 before initiating the thawing event, and the total water content distributions in the non-
instrumented soil columns were measured gravimetrically. As soon as the columns were removed 
from the system, the soil columns were sectioned into 1 cm layers, and the total water content of 
each 1 cm layer was determined by oven drying. 
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Dataloggers, CR3000, CR10X, and CR23X, and multiplexers AM416 and AM16/32 
(Campbell Scientific, Logan, UT) were used to record data. TDR measurements were performed 
with a TDR100 and a coaxial multiplexer SDMX50 (Campbell Scientific). TDR and thermocouple 
measurements were made every 0.5 and 0.25 hours, respectively. Heat pulse measurements were 
made every 3 hours. Heat inputs of 13 W m-1 were applied for 30 seconds to the HPPs, and 
temperature change due to the heat inputs were recorded for 180s.  
Equation [1] was fitted to heat pulse temperature data to determine C and λ. The T, λ, and 
C values were used as inputs to the SHB theory Eqs. [3-5] with 0.25-hour time step to determine 
changes in θI. Between measurements, λ, C, and θL were estimated by linear interpolation to enable 
a 0.25-hour time step. Watanabe et al. (2010), Liu and Si (2011) and Zhang et al. (2011) reported 
that θI can be estimated from changes in C determined with HPP and the de Vries (1963) model 
(Eq. [2]) at temperatures below -4°C. Thus, soil ice contents were also estimated with changes in 
C. 
Soil column ice contents were simulated with the simultaneous heat and water (SHAW) 
model (Flerchinger and Saxton, 1989a,b). The SHAW model was used to simulate freezing and 
thawing in a one dimensional 30 cm long soil column. There was no water transfer at the upper 
and lower boundaries, and the measured heat exchanger temperatures were used as the upper and 
lower boundary temperatures. The hydraulic properties of the silt loam and sand used for the 
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simulations are the same as those shown in Kojima et al. (2013). Soil thermal conductivity and 
volumetric heat capacity were estimated in the SHAW model with the de Vries model (1963). Total 
water contents of 0.28 m3 m-3 and 0.13 m3 m-3 for silt loam and sand, respectively, and temperature 
of 5°C for both soils were the initial conditions.  
 
Results and Discussion 
Transient soil temperatures at selected depths (0, 1.8, 4.2, 7.8, 12.6, 17.4 cm) are presented 
in Fig. 4. Minimum surface temperatures were -12.8°C and -13.7°C respectively for the silt loam 
and the sand. Minimum surface temperatures differed slightly because the liquid from the water 
bath first reached the sand column heat exchangers before reaching the silt loam columns. Freezing 
fronts reached a depth of 15.0 cm in both the silt loam and the sand columns.  
 Total water content and liquid water content distributions in silt loam and sand columns 
measured on Day 6 are shown in Fig. 5. The liquid water contents were estimated with the 
Clausius-Clapeyron equation and the soil water retention curves, because some of the TDR 
determined liquid water contents in the partially frozen soil were unreasonably large possibly due 
to the use of short TDR probes in low permittivity soil (Wang et al., 2014). Water accumulated at 
the freezing fronts in both the silt loam and the sand columns. A minor increase in water content 
at the soil surface was observed in the silt loam, while sand showed a small decrease of total water 
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content at the surface. The difference between total water content and liquid water content 
represents soil ice content. The ice contents in the 0-10 cm soil layer were approximately 0.15-
0.20 m3 m-3 and 0.10-0.15 m3 m-3 for silt loam and sand, respectively. 
 The silt loam thermal conductivity increased when soil temperature dropped below 0°C 
(Fig. 6a). At the 6.3 cm depth, silt loam thermal conductivities before and after freezing were 
approximately 0.90 and 1.28 W m-1 °C-1. Interestingly the sand thermal conductivity decreased 
upon freezing (Fig. 6b). Sand thermal conductivity at the 6.3 cm depth was approximately 1.28 W 
m-1 °C-1 before freezing, and it decreased to a minimum value of 1.10 W m-1 °C-1 after freezing. 
Decreases in thermal conductivity due to freezing in relatively dry and coarse soils has been 
observed in other studies (Penner et al., 1975; Inaba, 1983). Penner et al. (1975) stated that liquid 
water bridges between soil particles may be removed by freezing, i.e., particle contacts may lessen 
in partially frozen soil. Overestimations of λ were observed due to ice melting when soil 
temperature was between -2°C and 0°C. The overestimated thermal conductivities were replaced 
by linear interpolation for the SHB method input (Fig. 6). Likewise, overestimation of C was 
observed over wider range of temperatures than was overestimation of thermal conductivity. The 
temperature ranges were between -8°C and 0°C for silt loam, and between -5°C and 0°C for sand. 
Because C can be accurately estimated with Eq. [2], C for the SHB method was calculated with 
Eq. [2]. The cs value was determined by soil solid fractions (de Vries, 1963). The values for CL 
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and CI were assumed to be 4.214 MJ m
-3 °C-1 and 1.865 MJ m-3 °C-1, respectively (Farouki, 1986). 
The explicit SHB calculations produced the θI values used in the subsequent time step. Thus, the 
θI values for Eq. [2] were determined by the SHB method in the previous time step. 
 Figure 7 shows the latent heat term –LfΔθI/Δt in Eq. [5] calculated with the SHB theory 
(Eqs. [3]-[5]). The two large peaks at day 1 and day 8 clearly show when soil temperature 
dynamically changed between 0°C and -3°C (initial freezing and final thawing). Negative values 
of the latent heat indicate formation of ice, and positive values indicate ice melting. Once soil 
temperature decreased lower than -3°C, the latent heat was close to 0 W m-3 since there are only 
minor freezing and thawing (extended freezing) ongoing. The peaks were bigger in silt loam than 
those in sand because of the larger amount of water frozen in silt loam than sand. Thus, the SHB 
method accurately measured the large latent heat source/sink corresponding to freezing and 
thawing in both silt loam and sand. 
Ice contents estimated with the SHB method were unreasonably large or negative, which 
is similar to results from Kojima et al. (2014). However, there were clear rises and drops of ice 
content associated with the rapid freezing and thawing on day 1 and day 8. The reason for the 
unreasonable θI was non-zero values of latent heat at temperatures below -3°C when there is no 
dynamic change in θI. The accumulation of the small non-zero values of latent heat caused the 
unrealistic θI changes during negligible latent heat flux. Since the change in θI is significant during 
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initial freezing and final thawing, we focus on use of the SHB method at temperatures between -
3°C and 0°C. 
 Figure 8 shows values of latent heat calculated with the SHB method for soil 
temperatures between -3°C and 0°C. Latent heat is small below -3°C and the SHB method is not 
sensitive enough to measure the small values. Thus, the SHB latent heat values at temperatures 
below -3°C were set at zero and only the initial freezing peak and final thawing peak remain. 
Figure 9 shows the SHB estimated soil ice contents at temperatures between -3°C and 0°C. Soil 
ice contents were set to zero when soil temperatures rose above 0°C. The SHB method provides 
reasonable transient soil ice contents at soil temperatures between -3°C and 0°C. This is an 
important discovery, because previous studies using HPP had difficulty in determining soil ice 
contents for such freezing and thawing condition (Zhang et al., 2011). 
 Soil ice contents were estimated from the change in C determined with HPP. Figure 10 
shows θL estimated with the Clausius-Clapeyron equation and soil water retention curve, θI 
estimated with changes in C, and total water content, i.e., sum of the θL and θI. Peaks of ice content 
were observed at the initial freezing and at the final thawing periods. Ice content was stable 
between the peaks. The peaks are associated with overestimation of C due to significant ice melting. 
Total water content determined with Eq. [2] should be similar to the initial water content 0.28 m3 
m-3 and 0.13 m3 m-3 for silt loam and sand, respectively. In the silt loam, estimated total water 
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contents within ±0.025 m3 m-3 of 0.28 m3 m-3 were observed when soil temperatures were below 
-8°C (Fig. 10a). Estimated total water content within ±0.025 m3 m-3 of 0.13 m3 m-3 were observed 
at temperatures below -5°C in sand (Fig. 10b). Differences may be related to the freezing 
characteristics of the soils. Thus, the ice content during the extended freezing period can be 
determined from the HPP measured C at temperatures below -8°C and -5°C for silt loam and for 
sand, respectively. 
 The SHB method was able to determine dynamic soil ice content changes at temperatures 
between -3°C and 0°C. Equation [2] and HPP measured C enabled determination of soil ice 
contents at soil temperatures below -8°C for the silt loam and -5°C for the sand. Thus, the 
combination of the SHB method and change in C enable soil ice content determination for a wide 
temperature range, including the initial freezing period, final thawing period, and an extended 
stable freezing period. Figure 11 shows an example of combining the SHB and change in C method. 
The transient soil ice contents monitored with this combination were reasonable. Both the SHB 
method and change in C depend upon HPP. Thus, HPP appear to be useful sensors for monitoring 
soil ice contents under freezing and thawing conditions. 
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Conclusion 
To evaluate the applicability of the SHB method for measuring changes in soil ice contents, 
an experiment was performed with soil columns and heat exchangers. The SHB method was able 
to determine dynamic changes in soil ice content during initial freezing and final thawing for soil 
temperatures between -3°C and 0°C when latent heat values were relatively large. During extended 
freezing periods between initial freezing and final thawing, when temperatures were below -3°C, 
the latent heat produced or consumed by freezing and thawing was below the sensitivity of the 
SHB method. However, the ice contents during the extended freezing period could be estimated 
from a change in C determined with the HPP. Therefore, combining the SHB method when soil 
temperature is between -3°C and 0°C for initial freezing and final thawing, with a change in C 
when soil temperature is below -3°C for extended freezing periods, allows determination of 
dynamic soil ice contents for the entire range of freezing and thawing events. 
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Fig. 1. Diagram of the sensible heat balance method with heat pulse probe measurements to 
determine latent heat associated with evaporation and condensation, or soil freezing and thawing 
of the ith layer.  
 
 
 
Fig.2. (a) Schematic of an instrumented soil column. Heat exchangers at the top and bottom of 
each column are connected to temperature controlled water baths. Thermocouples and thermo-
TDR sensors are connected to multiplexers and dataloggers. (b) A cross-sectional view of the HPP 
installation. Red circles indicate needles with heater wires. The broken lines are the boundaries 
between soil layers within which the sensible heat balance method was applied. 
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Fig. 3. Water bath temperatures used to control the upper and lower boundaries of the soil columns. 
 
 
 
 
Fig. 4. Soil temperature at depth 0, 1.8, 4.2, 7.8, 12.6, and 17.4 cm depth of (a) silt loam and (b) 
sand. 
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Fig.5. Total water content by oven drying, and liquid water content estimated with water 
retention curve and Clausius-Claypeyron equation of (a) silt loam and (b) sand. 
 
 
 
 
Fig. 6. Thermal conductivities of (a) silt loam and (b) sand at 6.3 cm depth determined by heat 
pulse probe (solid lines) and interpolations to estimate actual thermal conductivity at temperatures 
between -2°C and 0°C.  
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Fig. 7. Latent heat term calculated with the SHB theory for (a) silt loam 1.2-2.4 cm depth and (b) 
sand 1.2-2.4 cm depth. 
 
 
 
 
Fig. 8. Latent heat term calculated with the SHB theory which the calculation was made only when 
temperature is between -3°C and 0°C for (a) silt loam 1.2-2.4 cm depth, (b) sand 1.2-2.4 cm depth. 
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Fig. 9. Ice contents estimated with the SHB method and calculated with the SHAW model for (a) 
silt loam 1.2-2.4 cm depth, and (b) sand 1.2-2.4 cm depth. The SHB method was calculated only 
when temperature is between -3°C and 0°C, while the SHAW model included all soil temperatures. 
The SHAW model was not calibrated for either soil. 
 
 
 
 
Fig. 10. Liquid water content estimated with the Clausius-Clapeyron equation and water retention 
curve (θ Liquid), ice contents estimated with changes in volumetric heat capacity (θ Ice), and total 
water content which is a sum of the liquid water content and the ice content (θ Total) in silt loam 
and sand at selected depths. Each panel shows results for (a) silt loam 1.8-2.4 cm depth and (b) 
sand 2.1-2.7 cm depth. The horizontal broken line shows water content 0.28 m3 m-3 for silt loam 
and water content 0.13 m3 m-3 for sand. 
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Fig. 11. Ice contents determined with a combination of the SHB method and changes in volumetric 
heat capacity at 1.2-2.4 cm depth for (a) silt loam, and (b) sand. The SHB method was used at 
temperatures between -3°C and 0°C, and changes in C were used at temperatures below -8°C for 
silt loam and below -5°C for sand. 
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CHAPTER 6. GENERAL CONCLUSION 
The overall objectives of this dissertation were to develop, to test, and to improve the 
SHB determination of soil ice contents. These objectives were addressed via numerical studies, a 
field study, and a laboratory study. 
In Chapter 2, the applicability of the SHB method in theory to determine ice content was 
evaluated by a numerical study. The SHB theory neglects soil convective heat flux, and it assumes 
no evaporation and condensation when soil is frozen. The numerical study revealed that these 
assumptions have a minor impact on SHB soil ice content determination. Thus, the SHB method 
is able in theory to determine soil ice contents. 
In Chapter 3, the SHB method for soil ice content determination was tested in a winter 
field. The SHB estimated soil ice contents did not agree with field values. The inaccuracies were 
associated with errors in soil temperature and soil thermal properties. In order to evaluate specific 
reasons for inaccurate soil ice content estimation, a sensitivity analysis of the SHB inputs was 
performed with a numerical study. Sensitivity analysis showed that the SHB method performed 
better when a 15-min time step was used compared to a 60-min time step. The numerical study 
revealed that soil temperature and soil thermal conductivity must be measured quite accurately, 
but the accuracy of volumetric heat capacity was not very important. Soil temperatures can be 
accurately measured with thermocouples. However, it is challenging to accurately measure thermal 
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conductivity of partially frozen soil. A sensitivity analysis identified a need for improving the 
accuracy of thermal conductivity measurements. 
In Chapter 4, a numerical study was performed to understand the sensitivity of HPP 
measurement needle temperature changes to properties of partially frozen soil. The measurement 
needle temperature changes were sensitive to soil thermal conductivity and freezing characteristics 
but not to volumetric heat capacity. The HPP may not be able to determine volumetric heat capacity 
accurately when soil temperature is between -2°C and 0°C. The sensitivity analysis suggests that 
soil thermal conductivity and soil freezing characteristics are the best candidate parameters for 
determination by inverse analysis. 
In Chapter 5, the SHB method for soil ice content determination was examined for soil 
freezing and thawing events. The SHB method well described the latent heat associated with initial 
soil freezing and final soil thawing. The SHB method provided reasonable transient soil ice content 
at soil temperatures between -3°C and 0°C, during which latent heat is substantial. The SHB 
method was not sensitive enough to determine soil ice contents accurately at temperatures below 
-3 °C. The soil ice contents during such extended freezing periods could be estimated with changes 
in volumetric heat capacity determined by HPP. Thus, a combination of the SHB method and HPP 
volumetric heat capacity determination can be used to determine soil ice contents for a wide range 
of temperatures. 
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Overall, it was discovered that the SHB method can be used to determine transient soil 
ice contents at temperatures between -3°C and 0°C when significant dynamic freezing and thawing 
occurs with relatively large changes in ice contents. However, the SHB method is not sensitive 
enough to determine minor soil ice content changes that occur at temperatures below -3°C. The 
transient ice content at temperatures between -3°C and 0°C has been difficult to determine in 
previous studies, thus, it is an important discovery that the SHB method can be used to determine 
transient ice contents within this temperature range. If future improvements of thermal 
conductivity measurements in partially frozen soil are realized, they will foster improvements in 
the accuracy of SHB ice content determinations.  
This dissertation presents fundamental information on the SHB method and guidance for 
further development of the method. 
 
